TMs Page Is Inserted by operations 
; and is not a part of the Official Record 

liEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant 

Defects in the images may include (but aire not limited to): 

• BIACKBORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• Skewed/slanted IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMHSrrS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



I hereby certify that this correspondence is being 
deposited with the United States Postal Service as 
first class mail in an envelope addressed to: 
Commissioner of Patents and Trademarks, Box AF, 
Washington, D.C. 20231, on 



By_ 



PATENT 



Attorney Docket No. 16243-1-5 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re application of: 

Richard H. Tullis 

Serial No.: 08/078,768 

Filed: June 16, 1993 

For: OLIGONUCLEOTIDE 

THERAPEUTIC AGENT AND 
METHODS OF MAKING SAME 



Examiner: J. Martinell 



DECLARATION OF JERRY L. RUTH 



Box AF 

Connnriissioner of Patents and Trademarks 
Washington, D.C. 20231 

Sir: 



I, Dr. Jerry L. Ruth, being duly warned that willful false statements and the 
like are punishable by fine or imprisonment or both, under 18 U.S.C. § 1001, and 
may jeopardize the validity of the patent application or any patent issuing thereon, 
state and declare as follows: 

1 . All statements herein made of my own knowledge are true and 
statements made on information or belief are believed to be true. The Exhibits 
attached hereto are numbered 1-9. They are each incorporated herein by 
reference. 



2. I have previously submitted a declaration in support of this patent 
application. My scientific credentials are presented therein. 
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3. As I understand the Examiner's remaining rejection, he believes 
that the pending claims should be restricted to the phosphotriester-modified nucleic 
acids that are stated as a preferred embodiment representing a class of stabilized 
nucleic acids for in vivo applications. The Examiner reasons that the pending 
claims inclusive of in vivo uses are too broad. More specifically, the Examiner 
states that no other suitable nucleic acid analogs were available as of the filing 
date in October of 1981, that unmodified nucleic acids would not be adequately 
stable to have biological activity under//? vivo conditions, and that the means for 
administering the antisense molecules would require undue experimentation. 

The purpose of this declaration is to address each of the above issues. More 
specifically, I will explain: (1) that as of the priority filing date, those of skill were 
aware of other analogs of nucleic acid that were modified to enhance stability 
against nuclease activity and which were suitable for in vivo use; (2) that the 
stability of natural (unmodified) nucleic acid under//? vivo conditions is sufficient to 
permit the observation of its biological activity, i.e., to inhibit expression of specific 
protein; and, (3) given the level of skill in the art, there is nothing but routine 
experimentation involved in the in vivo use of the claimed method. 

A. PRIOR TO THE FILING DATE OF THE PARENT APPLICATION ON 
OCTOBER 23, 1981, A NUMBER OF STABILIZED NUCLEIC ACID ANALOGUES 
WERE AVAILABLE FOR USE IN THIS INVENTION. 

The alkylphosphotriester DNA analogs described in the application as an 
example of a stabilized oligonucleotide were described in the literature in 1974 by 
Miller et al. (A1). These analogs have a phosphate bearing four oxygens, three of 
which are substituted with carbon-based substituents. The following discussion 
presents other references that describe chemically modified nucleic acids that were 
available prior to October of 1981 and were used intracellularly. Collectively, they 
present uncontestable evidence that a variety of stabilized nucleic acids were 
known and available for use in the claimed invention as of the original filing date. 
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A second chemically modified nucleic acid was the methylated ribonucleic 
acids described by Befort et a/. (1974). Befort is already of record as reference 
A27. In Befort, the authors reported uptake of their stabilized RNA into fibroblasts 
and the subsequent inhibition of viral multiplication. The stabilized nucleic acid 
was a methylated RNA that complemented a portion of the viral genome. 

In Tennant et al. (1974), the authors describe the in vivo effects of an 
alkylated homopolymer of ribonucleic acid on virally induced oncogenesis. Tennant 
is already of record as reference A47. 

In Kunkel et al. (Exhibit 1), P.N.A.S. USA 78(11):6734 (1981). The authors 
describe work conducted and published before 1981 using thio-substituted 
deoxynucleosides. On column 2 of page 6734, the authors describe that their 
analogs were previously reported as incorporated into oligonucleotides using DNA 
polymerase and nuclease resistant. 

Finally, Miller et al. reported on the in vivo effects of a DNA analog in March 
1981 . This reference is already of record as A2. Attached to this declaration as 
Exhibit 2 is a true copy of the Medline abstract entry for this reference. The entry 
clearly identifies its publication date as March 1981, seven months before 
applicant's filing date. The analog described by Miller in 1981 was an alkyi 
phosphonate which differs from the phosphotriester of their earlier work by the 
direct attachment of the alkyI substituent to the phosphate. The Examiner is asked 
to review page 1879, second column, where a discussion of the intracellular half- 
lives of the phosphonates and the triesters are compared. 

Thus, it is clear that as of the priority filing date of the present application, 
those of skill would have understood the applicant's reference to stabilized nucleic 
acid to have included more than the phosphotriester compounds that were 
specifically identified. Moreover, and because the use of stabilized nucleic acids 
was a mere example in a universe where both stabilized and natural 
oligonucleotides would function to downregulate expression of protein under in 
vivo conditions, it was, in my opinion, unnecessary to identify for those of skill all 
the stabilized nucleic acids that were available for use in the invention as of 
October of 1981. 
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B. UNMODIFIED RNA AND DNA HAVE A HALF-LIFE IN VIVO 
THAT IS SUFFICIENT TO PERMIT ITS UPTAKE INTO CELLS. 

The Examiner questions whether unmodified nucleic acid will actually survive 
under in vivo conditions for a sufficient length of time to actually be taken up by 
the cells. There are numerous studies that should convince the Examiner that his 
concerns are without foundation. Unmodified nucleic acid does survive in the body 
for a fairly long period. While its susceptibility to degradation make more stable 
forms of nucleic acid a preferred embodiment, susceptibility to degradation does 
not render unmodified nucleic acid useless. It is merely a matter of dosage with 
unmodified nucleic acid requiring higher amounts and/or longer administration to 
see the equivalent effects of stabilized nucleic acid. 

While most articles report on the use of DNA, unmodified RNA will also 
survive under//? vivo conditions. In Michelson et al. (1985) "Poly(A)Poly(U) as 
Adjuvant in Cancer Treatment Distribution and Pharmacokinetics in Rabbits 
(42082)," Proc. Soc. Exp. Biol. & Med. 179:180-186 (Exhibit 3). In Michelson et 
al., the authors describe the half-life of synthetic polyribonucleotides as measured 
in days. Its uptake into cells was also reported on page 184, 1st Col. A second 
report of long term survival of RNA appeared in Wolff et al. (1990) "Direct Gene 
Transfer into Mouse Muscle in Vivo," Science, 247:1465-1468 (Exhibit 4). In 
Michelson, purified RNA and DNA were simply injected into the muscle of mice and 
their respective gene products measured. The authors clearly state in their 
abstract that, "protein expression was detected in all cases and no special delivery 
system was required...." 

Reports involving the use of purified DNA are more numerous than of RNA. 
Illustrative reports of DNA expression of plasmids directly injected into animals are 
provided in Lin et al. (1990) "Expression of Recombinant Genes in Myocardium In 
Vivo After Direct Injection of DNA," Circulation, 82:2217-2221 and Wolff et al. 
(1992) "Long-Term Persistence of Plasmid DNA and Foreign Gene Expression in 
Mouse Muscle," Human Mol. Genet. 1(6):363-369 which are Exhibits 5 and 6, 
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respectively. The DNA may be linear or circular (see Exhibit 4 at page 368, 2nd 
Col.) 

C. UNMODIFIED ANTISENSE OLIGONUCLEOTIDES HAVE BEEN 
DEMONSTRATED TO BE USEFUL IN A VARIETY OF DIFFERENT ORGANS. 




Naked, natural phosphodiester, antisense oligodeoxynucleotides have been 
reported as sufficiently stable to downregulate gene expression when directly 
Injected into an animal. For example, Phillip et al. (1994) "Antisense Inhibition of 
Hypertension: A new strategy for Renin-Angiotensin Candidate Genes," Kidney 
Intern., 46:1554-1556 (Exhibit 7) reports on the direct injection of an antisense 
DNA (unmodified) for reducing hypertension in mice. The DNA was merely injected 
into the mouse carotid artery using a saline solution. 

Others have reported that antisense DNA will work when directly injected 
into the brain. For example, in Akabayashi et al. (1994) MoL Brain Res. 21:55-61, 
the authors dissolved the antisense DNA in saline and simply injected it into the ^ 
brain to inhibit production of a neuropeptide (Exhibit 8). At page 56, 1st Col., the 
authors state that theirs is the third such report. 

As stated above, the use of stabilized DNA was merely a preferred 
embodiment. The use of unmodified DNA was less preferred, but similar results 
could be achieved by merely using more DNA or RNA to accommodate instability. 
Given the level of skill of those practicing molecular biology, this is an intuitively 
apparent solution to an obvious problem. The use of high levels of DNA is 
described in Exhibit 9, Hijya et al. (1994) Proc. Natl. Acad. Sci., U.S.A. 91:4499- 
4503. Hijya et al. report on the use of an unmodified phosphodiester 
oligonucleotide for controlling the expression of a gene which is involved in skin 
cancer. The authors applied the antisense oligonucleotide via a subcutaneous 
route and used constant-infusion pumps to ensure that the oligonucleotide was 
adequately administered. 
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D. THERE IS NO UNDUE EXPERIMENTATION INVOLVED IN THE 
ADMINISTRATION OF ANTISENSE OLIGONUCLEOTIDES. 

The level of skill of those in the art of antisense technology is quite high. 
Most of the artisans are like nnyself and hold doctorates in a relevant biological 
science. To achieve a measurable downregulation of protein expression, one need 
only contact the target cells with an adequate amount of antisense 
oligonucleotides. The infusion techniques are conventional and were fully known 
in 1981 . The technique is merely the injection of a saline solution containing the 
antisense oligonucleotides into the appropriate organ. There is simply no basis to 
conclude that such a experimental step was anything but routine and intuitively 
apparent to those of skill. 

In summary, the relative stability of unmodified antisense oligonucleotides 
compared to stabilized oligonucleotides does not render the in vivo use of 
unmodified DNA or RNA without utility for the purpose of downregulating protein 
expression. The attached Exhibits 3-9 clearly document to one of skill that the 
claimed methods are operable under in vivo conditions. Furthermore, there is 
nothing beyond routine experimentation required to administer the antisense 
oligonucleotides under in vivo conditions and detect a downregulation in the 
expression of a specific protein. 

The declarant has nothing further to state. 

Dated: By: 

Dr. Jerry L. Ruth 

Attachments: Exhibits 1-9 
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Oligodeoxyribonucleoside methylphosphonates with base sequences 
complementary to the anticodon loop of tRNALys and to the -ACCA-OH amino 
acid accepting stem of tRNA were prepared by chemical synthesis. 
Oligodeoxyadenosine methylphosphonates form stable, triple- stranded 
complexes with both poly(U) and poly(dT) . These analogues selectively 
inhibit cell-free aminoacylation of tRNALys (E. coli) but have no effect on 
aminoacylation of tRNALys (rabbit) . The extent of inhibition is temperature 
dependent and parallels the ability of the oligomer to bind to poly(U), 
which suggests that inhibition occurs as a result of oligomer binding to 
the -UUUU- anticodon loop of tRNALys (E. coli) . The failure of the 
oligodeoxyadenosine methylphosphonates to inhibit tRNALys (rabbit) 
amino-acylation suggests that there may be a difference between the 
structure of tRNALys or its interaction with aminoacyl synthetase in the 
Escherichia coli and rabbit systems. The oligodeoxyadenosine analogues also 
effectively inhibit polyphenylalanine synthesis in cell -free translation 
systems derived from both E. coli and rabbit reticulocytes. The extent of 
inhibition parallels the Tm values of the oliao (A) Dho5Dhonat e-DOlv(U) 
complexes and suggests that the inhibition is a consequence of complex 
formation with the poly(U) message. Tritium- labeled 

oligodeoxyribonucleoside methylphosphonates with a chain length of up to 
nine nucleotidyl units are ta)cen up intact by mammalian cells in culture. 
All the oligomer analogues tested inhibited, to various extents, colony 
formation by bacterial, hamster, and human tumor cells in culture. 
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.Lawrence A. Loeb*§ 

. PMolojS^^ Johns Hopkins University, School of Medicine, Baltimore, Maryland 21205 
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ABSTRACT The contribution of proofreading to the fidelity 
of catalysis by DNA polymerases has been determined with deoxy- 
ribonucleoside [Mhio] triphosphate substrates. These analogues, 
which contain a sulfur in place of an oxygen on the a phosphorus, 
arc incorporated into DNA by DNA polymerases at rates similar 
to those of the corresponding unmodified deoxynucleoside tn- 
phosphates. The fidelity of DNA synthesis was measured with 
<^X174 flm3 DNA; reversion to wild type occurs most frequently 
by a single base substitution, a C for a T at position 587. By using 
avian myeloblastosis virus DNA polymerase and DNA polymerase 
fi (enzymes without a proofreading 3 -*5' exonucleolytic activity), 
substitution of deoxycytidine thiotriphosphate in the reaction mu- 
ture did not alter fidelity. In contrast, with DNA polymerases from 
£. coK (DNA polymerase I) and bacteriophage T4 (enzymes con- 
taining a proofreading activity), fidelity was markedly reduced 
with deoxycytidine [l-thio] triphosphate. DNA contamuig phos- 
phorothioate nucleotides is insensitive to hydrolysis by the exo- 
nudease associated with these prokaryotic DNA polymerases. 
These combined results indicate that the deoxynucleoside 11- 
thioltriphosphates have normal base-pairing properties; however, 
once misinsertcd by a polymerase, they arc not excised by proof- 
reading. Proofreadingof a C:A mismatch at position 587 is thereby 
found to contribute 20-fold to the fidelity of £. coU DNA pojb^- 
mcrase I and a greater amount to the fidelity of bactenophage T4 
DNA polymerase. 

The ability to correct errors during DNA replication has long 
been recognized as one important mechanism by which an or- 
ganism can potentially achieve the highly accurate replication 
of its genetic information. This concept stems from the obser- 
vation that prokaivotic DNA polymerases contain an integrally 
associated 3'-^5' exonuclease activity, which can selectively 
remove mistakes as they occur during polymerization (1). Bio- 
chemical support for this concept was obtained by Brutlag and 
Komberg (2), who demonstrated that the 3'— 5' exonuclease 
of Escherichia coli DNA polymerase I (Pol I) preferentially re- 
moves mismatched bases at primer termini before initiation of 
polymerization. Support for proofreading in vivo comes from 
studies with certain mutator (3) and antimutator (4) bacterio- 
phage T4 DNA polymerases. These studies (5^) correlated 
spontaneous mutation rates of bacteriophage T4 with the ratio 
between the polymerization reaction and the excision of a non- 
complementary nucleotide at the primer terminus. Also, dif- 
ferences in discrimination between adenosine and its base an- 
alogue 2-aminopurine bv mutant T4 DNA polymerase (9) can 
be accounted for by proofreading. Based on the kinetic data with 

The publication costs of this article were defrayed in part by page charge 
pavment. Tliis article must therefore be hereby marked adverttse- 
m^t" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 



substrate analogues, a number of mathematic models for proof- 
reading have been proposed (10-13). 

Our continuing interest in determining the relative impor- 
tance of the several mechanisms available to the cell to achieve 
high fidelity (14) has led us to assess the contribution of proof- 
reading to accuracy by direct measurements of misincorporati n 
in vitro. The excision of noncomplementary bases does not oc- 
cur with purified eukaryotic DNA polymerases (15), avian mye- 
loblastosis virus (AMV) DNA polymerase (16), or possibly RNA 
polymerase, indicating that proofreading does hot occur with 
these enzymes. It remains to be determined whether separate 
exonucleases work in concert with those polymerases during 
replication or transcription. We have shown that proofreading 
has a minimal contribution to the accuracy with which purified 
Pol I copies poly[d(A-T)l (17) but has a much greater contri- 
bution with natural DNA (18). Also, proofreading may be sig- 
nificant in multienzyme systems that ftinction with natural 
DNA, as recently suggested by studies with £. coli DNA poly- 
merase III holoenzyme (19). In this report, we make use of the 
<I>X114 fidelity assay (20, 21) to measure the fidelity of several 
purified DNA polymerases, using a substrate analogue that con- 
tains a suUur atom in place of an oxygen on the a phosphorus 
of the deoxynucleoside triphosphate. This analogue is incor- 
porated normally (22, 23), but the phosphorothioate diester 
bond is not hydrolyzed by the 3'— 5' exonuclease of Pol I. By 
comparing fidelity with a normal substrate versus this deox- 
ynucleoside (l-thio]triphosphate analogue, we assess the con- 
tribution of proofreading to the fidelity of different DNA 
polymerases. 

MATERIALS AND METHODS 
Materials. Unlabeled 2'-deoxynucleoside 5'-0-(ll- 
thioltriphosphate) derivatives (dNTPaS) were prepared as de- 
scribed (22). In all experiments, the A isomer of dATPaS was 
used, whereas dCTPaS and dCTPaS consisted of both the A 
and B isomers. Because the B isomer is not incorporated by Pol 
I (23). it was not considered in quantitating substrate concen- 
trations. All other reagents including [a-^^P]dTTP were ob- 
tained from sources as described (24). The <^X174 single- 
stranded viral DNA (template) and restriction endonuclease 
Hoe III fragment Z-5 (primer) were prepared as described (24). 
as was homogeneous Pol I. AMV DNA polymerase was a gifk 
of J. W. Beard (Life Sciences Research Laboratories), and ho- 
mogeneous DNA polymerase p from rat (Novikoff) hepat ma 
was a gift of R. Meyer (University of Cincinnati). M. F. Good- 
Abbreviations: dNTPaS. 2'-deoxynucleoside 5'-0-<ll-thio)triphosphate) 
derivatives: AMV, avian myeloblastosis virus: Pol I. E. coli DNA poly- 
merase I. 

5 To whom reprint requests should be addressed. 
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man (Universit\' of Southern California), and P. Englund ( Johns 
Hopkins University) provided samples of highl> purified uild- 
type T4 DNA polymerase. 

DNA Polymerase Assays. Reaction mixtures (50 /xl) con- 
tained 20 mM Tris-HCl (pH 8.0); 2 mM dithiothreitol: 10 mM 
MgClg; 0.2 fig of <6X174 fl»n3 viral DNA primed at a 5:1 molar 
ratio with Z-5 primer: Pol I (7 units. 25:1 molar ratio of enz>'me 
to template) (1). AMV DNA polymerase (10 units; (16), phage 
T4 DNA polymerase (0.5 unit) (101, or DNA polymerase 0 (0.8 
unit) (25): and 5 fiW [a--^-P]dTTP (200-1000 cpm/pmol). The 
concentration of dATP, dCTP, dCTP. or the corresponding 
phosphorothioate derivative (A isomer) was 5 fiM unless oth- 
erwise indicated. Incubation was at 37^ for 5 min (Pol I and 
T4 polymerase), 10 min (AMV polymerase), or 30 min (poly- 
merase /3), by which time synthesis had proceeded past the am- 
ber mutation (83 nucleotides) for all conditions reported here. 
Reactions were terminated by addition of EDTA to 15 mM. and 
duplicate aliquots were processed to determine acid-insoluble 
radioactivitv. 

Exonuclease Assays. The <i>X174 DNA substrates used for 
exonuclease digestion were prepared with Pol i in reactions 
scaled up to copy 10 fig of Z-8 primed <6X174 DNA. Two syn- 
thetic reactions were performed with 5 ^M |a-^=^P]dTTP (5000 
cpm/pmol) and either 5 fiM dATP, dCTP. and dCTP or 5 ^M 
dATPaS, dCTPaS. anddCTPaS. The reactions were incubated 
for 15 min at 37*0 and then stopped by adding EDTA to 15 mM. 
The DNA was separated from nonincorporated deoxyribonu- 
cleotides on a Sephadex G-lOO column (0.5 x 60 cm), pre- 
equilibrated and elated with 0.5 M KCl/0.05 M Tris-HCL pH 
7.4. Approximately 0.05 ftg of each DNA was used as a sub- 
strate for hydrolysis by the exonuclease activities associated 
with Pol I or T4 DNA polymerase. Reaction mixtures (50 fi\) 
contained, in addition to the DNA, 30 mM Tris-HCl (pH 7.4), 
2 mM dithiothreitol, 6 mM MgClj, and either 5 units of Pol I 
r 0.70 unit of phage T4 DNA polymerase. Reactions were in- 
cubated at 3TC for the times indicated in Fig. 1 and stopped 
by addition of 200 ;il of 10% (wt/vol) trichloroacetic acid, fol- 
lowed by addition of 50 fi\ of calf thymus DNA (1.0 mg/ml) as 
a carrier. Acid-insoluble DNA was removed by centrifiigation, 
and the acid-soluble radioactivity in the supernatant was quan- 
titated by counting in a liquid scintillation counter. 

Transfection Assay for Determination of Error Rale. The 
reversion frequency of the amber mutation in the copied DNA 
was determined by transfecting the copied DNA into E. colt 
spheroplasts and measuring the titer of the resultant progeny 
phage on bacterial indicators either permissive or nonpemiis- 
sive for the amber mutation. A detailed account of the meth- 
odology for this assay has been published (24). All reversion fre- 
quency values are the average of duplicate determinations after 
subtracting the background reversion frequency of uncopied 
DNA from reactions not incubated at 3TC (typically 2.0-2.5 
X 10"®). The procedure for measuring phage titer gives results 
that fluctuate 2- to 3-fold from day to day; however, within an 
experiment, the average variation of duplicate samples is about 
20%. For error rate determinations, only reversion frequencies 
at least 2 SD above background were considered significant. 

RESULTS 

Incorporation and Excision f dNTPaS. The abilit> of three 
purified DNA polymerases to incorporate dNTPaS approached 
that obtained with normal nucleotide substrates (Table 1 ). This 
was true for each of the three different dNTPaS used and con- 
firmed previous observations with Pol I (22, 23) In all cases, 
incorporation was more than sufficient to copy past the amber 
mutation for determination of error rates. The simultaneous use 
of these same three dNTPaS, together with [a-^P]dTTP, also 
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Table 1. Incorporation of dNTPaS into <6X174 DNA by purified 



DNA polymerases 



DNA polymerase 


% of control incorporation 


dATPaS 


dCTPaS 


dGTPaS 


AMV 


69 


95 


100 


Poll 


80 


70 


80 


T4 


43 


68 


67 



Controls represent incorporation in the presence of all four normal 
substrates with |o-"PldrrP. Where indicated. dNTPaS was used in 
place of the corresponding normal dNTP. The 100^ incorporation val- 
ues were as follows: AMV DNA polymerase. 105 nucleotides per tem- 
plate (2.1 pmol); Pol I, 686 nucleotides per template ( 13.0 pmol); and 
T4 DNA polymerase. 339 nucleotides per template (7.0 pmol). 

yielded relatively normal incorporation (not shown). When this 
phosphorothioate-substituted DNA was used as a substrate for 
hydrolysis by the exonucleases associated with Pol I or wild-type 
phage T4 DNA polymerase, no release of acid-soluble nucleo- 
tides was observed (Fig. 1, closed symbols) in a 4-hr incubation. 
In this experiment, the amount of DNA polymerase was 10- 
fold greater than that of the DNA substrate. When compared 
to the substantial digestion observed under these same condi- 
tions with DNA synthesized with unmodified deoxynucleotide 
substrates (Fig. 1, open symbols), the results suggest that 
dNTPaS, once incorporated, cannot be excised by the 3'— ►S' 
exonuclease activity. This conclusion is further substantiated by 
the recent study of Brody and Frey (26), who observed that the 
phosphorothioate diester bond in poly [d(A-T)] is completely 
resistant to the action of the exonuclease activities associated 
with Pol I. 

Fidelity Measurements with dNTPaS. The normal rates of 
synthesis and lack of hydrolysis led us to measure the effect of 
the phosphorothioated substrates on fidelity. 

The assay (21) uses a single-strand circular <^X174 DNA con- 
taining a TAG amber codon (amber 3, in gene £) in place of the 
TGG wild-type codon. Because the same sequence codes for 
the gene D protein in a different reading frame, the number 
of possible substitutions is limited. Synthesis was initiated at 
a single fixed point on the template, using as a primer a DNA 
restriction endonuclease fragment whose 3'-0H terminus is 83 
nucleotides away from the am3 site. The accuracy of in vitro 
DNA synthesis was quantitated by transfecting the copied DNA 
into £ . colt spheroplasts and measuring the titer of the resultant 
progeny phage on permissive and nonpermissive indicator bac- 
teria. Because the mRN A and gene E proteins are coded for by 
the in vitro synthesized minus strand, an error rate for the DNA 
polymerase in vitro at the am3 site can be calculated from the 
reversion frequency of the phage (21). We have shown by DNA 
sequencing that those substitutions which produce wild-type 
phage occur at position 587, opposite the template A of the TAG 
amber codon (21). The most frequent error in Mg^* -activated 
Pol I reactions is misincorporation of C, which produces the 
original wild-type DNA sequence (21). Therefore, we carried 
out polymerization reactions with purified DNA polymerases 
using either normal dCTP or dCTPaS in the presence of the 
other three normal dNTP substrates. The error rates of AMV 
DNA polymerase and DNA polymerase which lack associ- 
ated 3'-^5' exonuclease activity (15, 16, 25), were the same with 
either substrate (Table 2). Two conclusions are evident from this 
result. First, the DNA synthesis-dependent increase in rever- 
si n frequency observed with these enzymes shows that the 
phosphorothioate-substituted minus strand DNA is biologically 
active (i.e., it is expressed in the transfection assay). Second, 
because dCTPaS is n t more mutagenic than normal dCTP, the 
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Fig 1 DNA polymerase-associated exonuclease digestion of 
normal versus phosphorothioate-substituted <^X174 DNA. 0. Pol Iwi^ 
dNTP; =. phage T4 DNA polymerase with dNTP; Pol I with dNTPaS; 

T4 polymerase with dNTPaS. In digestion experiments with dX174 
DNA, in which only one of four deoxynucieotide substrates was a phoa- 
phorothioate idCTPaS), we did observe some degradation, although at 
a slower rate than with unmodified DNA. Presumably, this represents 
cleavage of normal phosphodiester bonds releasing oligonucleotides 
and is not hydrolysis of phosphorothioate diester bonds. 

analogue is not mutagenic by any unexpected mechanism, such 
as a change in base-pairing specificity. 

The critical experiments were those with Pol I and phage T4 
DNA polymerase (Table 2). Both of these enzymes contain as- 
sociated 3'-^5' exonuclease activities, and both showed sub- 
stantially reduced accuracy with dCTPaS. As previously re- 
ported (21), Pol I is highly accurate; in this experiment (with 
5 /iM dNTP), the error rate was 1/2,000,000 as determined 
from the reversion frequency obtained by increasing the normal 
dCTP concentration 50-fold over the other three dNTPs. How- 
ever, with dCTPaS, a significant increase in reversion fre- 
quencv of copied DNA was seen, even without any pool bias, 
and the effect was approximately lO-fold greater with a 10-fold 
dCTPaS bias {50 ^M). This calculates to an error rate of ap- 
proximately 1/100.000 and represents a 20-fold decrease in ac- 
curacy. The mutagenic effect of dCTPaS was even greater with 
T4 DNA polymerase. With normal dCTP, no enhancement in 
mutagenicity was observed, even with a 500-fold bias. How- 
ever, with dCTPaS. even with an unbiased substrate condition, 
the reversion frequency of copied DNA was several-fold 
greater than background. The increase in the reversion fre- 
quency was in proportion to the concentration of dCTPaS in 
the reaction mixture. Therefore, the change in fidelity was from 
< 1/10,000,000 v^ith dCTP to approximately 1/20,000 with 
dCTPaS, or >500-fold. 

Absence of "Next- Nucleotide Effect" with dCTPaS. A re- 
cent study of the £. coli DNA polymerase HI holoenzyme (IT) 
has provided kinetic evidence that proofreading activity is ac- 
companied by what may be referred to as the "gext nucleotide 
effect. " Intuitively, the amount of time available to excise a 
misinserted base at the primer terminus can be decreased by 
increasing the rate of incorporation of the next correct nucleo- 
tide after the mistake. This will move the enzyme forward along 
the template and remove the incorrect nucleotide from the cat- 
alytic site for excision. In our assay, the relevant template DNA 
sequence, in order of synthesis from the provided Z-5 primer 
is , . .GAT . . . Thus, an incorrect substitution at position 587 is 
followed by the next correct nucleotide, an A, opposite the tem- 



plate T at position 586. Once incorporation of A occurs at 586, 
any mistake made at position 587 will be less accessible to ex- 
cision bv a 3'-*5' exonuclease and more likely to remain as a 
stably misincorporated base. Thus, ibr an enzyme that is ac- 
tively proofreading mistakes, the error rate should show a de- 
pendence on the i\TP concentration in the polymerization re- 
action such that, at low dATP. few mistakes are stably 
misincorporated. whereas at high dATP, stable misincorpora- 
tion increases. 

We have shown that in Mg^' -activated Pol I reactions C is 
misincorporated at least 10 times more frequently than A (21). 
Furthermore. DNA sequence analysis has shown that the in- 
crease observed with increasing dATP is. in fact, due to mis- 
incorporation of C at position 587 (18). The control experiment 
to demonstrate this next nucleotide effect is shown in Fig, 2. 
With normal dCTP, the reversion frequency increased as much 
as 25-fold with increasing dATP concentration (open circles). 
When a similar experiment was performed with dCTPaS rather 
than dCTTP (Fig. 2, closed circles), the dATP -dependent en- 
hancement in mutagenesis was not observed. These results sup- 
port the conclusion that the use of dNTPaS substrates reduces 
or eliminates proofreading during polymerization. 

DISCUSSION 

In this paper, we describe experiments to quantitate the con- 
tribution of proofreading to the fidelitv' with which purified 
polymerases synthesize DNA in vitro. The approach is unique 
in that natural DNA is used as a template for directly measuring 
the stable misincorpbration of a substrate with normal base- 
pairing properties. The analogue used is one of the well-char- 
acterized dNTPaS, which have been used previously to probe 
the stereochemistry of the reaction catalyzed by Pol I (23). Pol 
I has been shown to incorporate the S-diasteroisomer of 
dATPaS (isomer A) with normal kinetics in citro (23) and with 
stereochemical inversion at phosphorus to yield a phosphoro- 
thioate diester with the R-configuration. When used in per- 
meabiUzed £. coli cells or crude cell extracts, these modified 
dNTPs are incorporated into (hXllA DNA (22). Similarly, in the 
experiments shown here, in vitro incorporation is relatively 
normal for three different DNA polymerases (Table 1). More- 
over, AMV polymerase and phage T4 DNA polymerase, like 
Pol I, use the Sp-diastereoisomer of dCTPaS. 

Table 2. Effect of normal dCTP versu8 dCTPaS on fidelity of 
DNA polymerases in vitro ^ 





dCTP or 
dCTPaS, 




dCTP 


dCTPaS 


DNA 




Unbiased 




Unbiased 


polymerase 




X 10-* 


error rate 




error rate 


AMV 


10 


11.4 


1/17,100 


11.0 


1/17J00 




500 


18.9 


1/10,300 


17.3 


1/11,300 


Poll 


5 


0.11 




1.61 


1/121,000 


50 






17.6 


1/111,000 




250 


4.47 


1/2,180,000 






T4 


5 


<1.50 




6.69 


1/29,100 


50 


<1.50 




82.2 


1/23,700 




250 


<1.50 




588.0 


1/16,600 




2500 


<1.50 


<1/10^ 







Duplicate DNA polymerase reactions were performed with dATP, 
dGTP. and [a-^*PldTTP at 10 (AMV DNA polymerase), 500 ^tM 
(DNA polymerase 0), or 5 ^iM (Pol I and phage T4 DNA polymerase) 
and the indicated concentration of either dCTP or dCTPaS. Error rates 
were calculated as described (21) and unbiased (Pol I and T4 poly- 
merase) by dividing the calculated error rate by the ratio of the in- 
correct (dCTP) nucleotide to the correct (dTTP) nucleotide in the re- 
action mixture. Reversion frequency. 
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Fig. 2. Effect of concentration of "next nucleotide" on the error 
rate of Pol I with normal and phosphorothioated substrates. Duplicate 
DNA polymerase reartions were performed with Pol I and the following 

substrate concentrations: o 0. 5 dGTP and TTR 250 dCTP, 

and increasing dATP; • 5 m dGTP and dITP. 25 ^iM dCTPaS 

(A isomer), and increasing dATP. The reversion frequencies shown 
were determined in the transfection assay and are minus the back- 
ground for uncopied DNA (1.79 x 10'*). 

Although incorporation of this analogue is normal, excision 
by exonucleases clearly is not. This was first diemonstrated with 
Pol I-synthesized phosphorothioate-substituted poly (dA). The 
rate of snake venom phosphodiesterase-catalyzed hydrolysis of 
the flp-configuration of the phosphorothioate polymer is ap- 
proximately lO-fold less than that of the Sp-configu ration, which 
is estimated to be 20,000-fold less than that of unsubstituted 
poly (dA) (23). More importantly, when an alternating copoly- 
mer containing normal T and phosphorothioate A is subjected 
to hydrolysis by the exonuclease activities of Pol 1, only dinu- 
cleotides are obtained, and these retain the phosphorothioate- 
diester linkage intact (26). This bond in the fip-configuration is 
thus refractory to the proofreading exonuclease of Pol I. The 
digestion experiment described here (Fig. 1) supports this con- 
clusion and extends the observation to natural DNA and to the 
3'-*5' exonuclease of wild-type phage T4 DNA polymerase. 
Because no degradation of the aS-substituted DNA is observed 
with either prokaryotic polymerase, there is— at the very 
least— a large difference in the rate of hydrolysis of the phos- 
ph rothioate-diester bond. 

The lack of hydrolysis of substituted DNA by proofreading 
exonucleases led us to perform the fidelity measurements with 
the (bX assay. When dCTPaS is used as an incorrect nucleotide, 
enhanced mutagenesis is observed specifically for those en- 
zymes with an associated proofreading exonuclease activity. A 
comparison of error rates with the two different substrates dem- 
onstrates that the accuracy of Pol I and phage T4 DNA poly- 
merase is increased 20-fold and greater than 500-fold, respec- 
tively, due to proofreading of misinserted bases. The contribution 
of proofreading by Pol I. assessed with the (l-thio]triphosphate. 
is in accord v^ith an estimate of 25-fold using the next-nucleotide 
effect (18). The absence of the next-nucleotide effect with 
dCTPaS (Fig. 2) adds further support to the conclusion that the 
phosphorothioate analogue is n t proofread. 

A final estimate of the fidelity of phage T4 DNA polymerase 
with normal substrates will require further analysis of the prod- 
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uct of the reaction. However, the higher ratio of 3'— >5' exo- 
nuclease to polymerase in phage T4 DNA polymerase il, 17) 
compared to Pol I argues that T4 DNA polymerase is more ac- 
curate. It should be noted that our estimate of accuracy with 
purified wild-t\pe T4 DNA polymerase is the same or less than 
that reported by Hibner and Alberts (27) for the entire T4 rep- 
lication complex. This similarity may resuh from the methods 
of assay employed or may reflect the nature of the mismatch 
being measured. Alternatively, the DNA polymerase may be 
the primary' contributor to accuracy by the T4 replicating com- 
plex. With either enzyme, the absolute values (20-fold and 
>500-fold) are with respect to a single mismatch at a single 
position and may differ in other situations, since proofreading 
may be affected by position or the nature of the mismatch (18). 
If we assume that proofreading is negligible when the analogue 
is misinserted. then the misinsertion frequency of these en- 
zymes becomes equivalent to the misincorporation frequency. 
Thus, the error rate with the phosphorothioate analogues is a 
direct measure of the error prevention (base-selection) capa- 
bilities for these DNA polymerases. With dCTPaS, the error 
rates for T4 DNA polymerase and Pol I are, respectively, 2 and 
3 orders of magnitude lower than predicted b\ Watson-Crick 
base-pairing alone (28) — a value possibly obtained due to an 
active role of the enzN'me in base discrimination. 

We have suggested a structural mechanism for error pre- 
vention, based on NMR studies of the conformation of bound 
purine and pyrimidine substrates on Pol I (29, 30) and on flu- 
orescence polarization studies of the moblity of the bound sub- 
strate (28, 30). Pol I was found to change the conformation of 
the bound nucleotide substrate to one that fits more precisely 
into double helical B DNA (29) and to immobilize the purine 
ring (30). Such orientation and immobilization of the substrate 
by the enzyme could prevent errors to the extent observed with 
dCTPaS. this fidelity is then ftirther increased 20-fold due to 
correction of misinserted bases at the primer terminus during 
ongoing polymerization. Interestingly, the phage T4 DNA poly- 
merase is less accurate than Pol I for error prevention (error 
rate approximately 1/20,000), but the overall accuracy of this 
enzyme is greater than that of Pol I, presumably due to a much 
more highly active proofreading activity for correcting errors 

^^^The phosphorothioated dNTPaS can be used to probe the 
contribution of proofreading in a number of systems. For ex- 
ample, those muUtor and antimutator phage T4 DNA poly- 
merases that have altered exonuclease-to-polymerase ratios (7)- 
should exhibit similar fidelity with the phosphorothioate sub- 
strates. The analogue can be used to address questions on the 
frequency of misinsertions of different incorrect bases and of 
excision of different mismatches during proofreading. Finally, 
these substrates should be a powerful probe to search for proof- 
reading activities in eukaryotic cells. 
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Pory(A) • Poly(U) as Adjuvant in Cancer Treatment Distribution and 
PhanriacoHinetics in Rabbits (42082) 
A, M. MICHELSON/ D. SHAOOUf AND F. LACOURf 
VnstUut de Biologie Fhysico-Chimigue. 13. rue P, et Curie. 75005 Paris. and^CNRS, GR No, 8 
Iitstum Gusiave Roiissy. Rue Camiile Desmouiins. 9^4805 Villejwf. France 

Abaraci. Rabbits were injected with poIy(A)-;poly(U) and Uie metabolic fate and stability 
studi«!d using santisraphic lechniquw, radioactive counting, and subcellular fractionation. The 
complex has a very long lifc^me (measured ia days) in both liver and spleen, the major 
locauons of concenUation in the animal, with about nine times more per gram of tissue in the 
spl(»n compared with the liver. In spleen cells the material is about equally divided between 
^ nudci and cytoplasm. The polymer is slowly degraded to shorter molwules in these ceils but, 
cvcn^ week after mjection, significant amounts of apparently intact polynucleotide complex 

;;Xan;be detected m both cellular fractions. O I98S Society for Expenm^ul Biology tiid Medicine. 



Polyaderiylicvpolyuridylic acid poly(A)- 
poly(U)» a double-stranded complex of syn- 
thetic polyribonucleotides, has shown signif- 
icant antitumor effects in a number of tumor 
systems: as an adjuvant to surgery (1) in 
spontaneous mammary tumor and trans- 
planted hamster melanoma, in Rausher 
MuLV-induced BALB/c mouse ascites (2), 
and as prophylactic therapy in spontaneous 
AKR mouse leukemia (3) and in spontaneous 
QH/He mouse .mammary tumor (4). A syn- 
ergistic inhibition of established transplant- 
able mammary, tumor in 'GiH/He mice by 
combined treatment with poly(A)»poly(U) 
and cyclophosphamide has also been reported 
(5). Recently, in a randomized therapeutic 
trial on 300 operable breast cancer patienu, 
a significant beneficial effect was observed in 
patients treated with the complex (6, 7). No 
toxic symptoms could be evidenced (8) in 
mice injected with very high doses (250 mg/ 
kg)of poly(A)-poly(U). 

The mechanisms governing the antitumor 
action of poly(A)-poly(U) have been dis- 
cussed with respect to various biological ef- 
fects such as immunomodulation for both 
humoral and ceU-mediated immune response 
(9, 10), induction of interferon in rabbits 
(11), mice, and humans (12), and enhance- 
ment of natural kiUer (NK) cell activity (5). 
Few in vitro studies have been reported on 
the cellular properties of the complex. Shell 
(13) has demonstrated that poly(A) • poly(U) 
penetrated Ehrlich ascites tumor celb, without 
separation of the. two strands. Fenster er aL 



(14) have shown that uptake of the complex 
by mouse ascites tumor cells and by human 
lymphocytes in culture occurred and that the 
material migrated rapidly into the cell nucleus 
and remained intact for 2 hr. In contrast, 
Mutchnich et aL (15) presented evidence 
indicating that 80% of thymocytes bound 
poly(A)-poly(U) on the cell membrane in 
vitro. However, no studies on the organ 
Icx^alization, cellular penetration, and meta- 
bolic lifetimes of poly(A) • poly(U) (or other 
polynucleotide complexes) after injection into 
animals of any kind (including man) have 
been reported. 

We now present in vivo results on the fete i 
of poly( A) • poly(U) after injection into rabbits 
as a complement to earlier studies with cell 
cultures which do not always reflect obser- 
vations obtained with living animals. 

Materials and Methods. Polynucleotides. 
Poly(A) • poly(U) was prepared as previously 
described (16). The material had a mean 
sedimentation constant of = 10.01 with 
iaii average molecular weight of about half a 
million, but was polydisperse with polynucle- 
otide complexes ranging from 250,000 to 
several million daltons. These preparations 
are stable for more than 2 ^ years when stored 

as a sterile solution in physiological saline 
at 4'C. 

^^Cr-labeled poly(A)*poly(U), A solution 
containing 2 mCi of ^*Cr^* (NEN, sp act 
72.23 mCi/mmole) in I ml of 0.1 NUO. was 
adjusted to pH 7 with 1 ml of O.l N. NaOH 
and 0.1 ml of O.l A/Tris-HCI, pH 8.2, and 
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was added to a solution containing 800 /ig 
of poly(A) • poly(U) in 2 nil of 0. 1 M NaQ, 
UOl Af Tris, pH 7.4, 0.3% sodium dodecyf 
sulfate (SDS). After 30 min of incubation at 
dd^'C, NaCl was adjusted to 0.3 M and the 
solution was incubated at 37°G for 8 hr and 
then left at 4*C overnight. 

Separation of polynucleotides from free 
^'Cr^* was obtained by passage of the solution 
through a Sephadex 100 column (30 X 1 cm) 
in 5 X 10"^ M Tris, pH 7, 0.1% SDS using 
the same buffer for elution. Appropriate frac- 
tions were pooled and the OD at 260 nm 
and radioactivity (RA) were measured. The, 
specific RA was between 1 X 10^ and 2 X 10^ 
cpm//*g for different preparations. 

^^Cr'labeledpoly(A)^poly(Uh 16-18 S. La- 
beled poly(A) • poly(U) was precipitated in 
0.2 M NaCl with 2 vol of ethanol, redissolved 
in 0.15 A/ NaCl, 0.01 M Tris, pH 7.4, 0.1% 
SDS, and centrifuged on a 5-20% sucrose 
gradient at 20,000 rpm for 20 hr at 17°G. 
The 5'Cr-labeled poly(A) • poly(U) fractions 
of 16-18 S were pooled and precipitated with 
2 vol of ethanol. 

Subcellular studies. About 3 X 10^ cpm of 
^*Cr-labeled poly(A) • poly(U) was mixed with 
1500 Mg of unlabeled poly(A)'poly(U) in 
physiological saline and the mixture was 
injected intravenouisly in adult rabbits at a 
dose of 500 Mg of poly( A) • pQiy(U)/kg. 

Rabbits were sacrificed after 90 min, 24 
hr, 76 hr, and 7 days and the spleens and 
liver collected. Male New Zealand white rab- 
bits weighing 3 to 3.5 kg were used (age 100- 
120 dlays) for these studies and for scinti- 
graphy. 

Nuclear and cytoplasmic extracts. The or- 
gans were frozen in liquid nitrogen, then 
homogenized for 20 sec three times an a 
Waring blender. Tissue homogenates were 
lysed in the presence of 0.5% Nonidet P-40 
in 0.0 1 M Tris HQ, pH 7.4, 0.2 M KQ, 0.02 
A/ MgCl2, 0.25 Af sucrose at 0**C, and the 
degree of liberation of nuclei was controlled 
with a phase contrast microscope every min- 
ute. The lysis was usually complete within 
10 min. Nuclei were separated by centrifuging 
15 min at 3000^ at 0*C and the supernatant 
was collected. 

Nuclei were suspended in 0.01 M Tris 
HCl, pH 7.4, NT buffer, 0,0 15 M NaCl, 0. 1 % 
SDS, and 200 Mg/ml of Pronase (Sankyo). 



The mixture was left 20 min at room tem- 
perature; then 1% .SDS was added and the 
solution wa^ extracted with phenblHchloro- 
form-isoamyl alcohol (i/1/24, v/v) 10 min 
at 4°C and then centrifuged for 10 min at 
10,000^. A mitochondria-free cytoplasmic 
phase was obtained by centrifuging the su- 
pematants for 20 min at 12,000^, They were 
then adjusted to 0.2 M NaCl, 0.1% sarcosyl, 
and 200 Mg/ml of Pronase, left for 30 min at 
rooifn temperature, and extracted with phe- 
nol^hloroform-isoamyl alcohol followed by 
centrifugation at 10,000^ for 20 min, and 
the supernatant was collected. 

Scintigraphy, Preparations of poly(A) • 
poly(U) (material used for clinical applica- 
tion) containing 120 to 160 ^Ci of ^*Cr label 
(in physiological saline) were injected intra- 
venously into the ear vein of rabbits, using 
injection of Nembutal for anesthesia. Distri- 
bution of the^'Cr-labeled poly(A)- poly(U) 
after injection into the animal -was followed 
with an Angar (Nuclear Enterprises) scintil- 
lation camera (useful diameter, 26 cm) 
equipped with a specially made pinhole-type 
collimator. This type of collimator allows 
enlargement or reduction of the resultant 
image depending on the distance from the 
subject. The effective field and sensitivity are 
inverse functions of the enlargement which 
is taken into account for counting. The scin- 
t illation camera is coupled to an infonnatic 
system (Scinti 16, Informatek) composed of 
a computer (31 K bits, T 1600 Telemeca- 
nique), two memory storage magnetic disks 
(2 X 5 M each. Control Data 9427) for 
treatment of the data, and a graphic display 
terminal (Tektronix 4012 screen and 4631 
dry photocopier) for visual presentation of 
the output The numeric treatment of scin- 
tigraphic data provides results in the form of 
analogic images, as curves of total activity in 
a g^yen organ with time, isocount contours, 
activity in a given defined zone, or as rati s 
of activity between two defined volumes. 
These data can be obtained at given time 
intervals or in a continuous fashion. 

Results, Scintigraph studies were per- 
formed, in rabbits injected with ^*Cr-labeled 
poly(A)- poly(U) or with the same amount 
of free ^^Cr^"*". Representative printout images 
at different times after intravenous injection 
are shown in Figs. 1-3. It can be seen (Rg. 
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Rd I . (A) Localization of ^'Cr-labeled poly(A)-poly(U) 
15 niin after injection. (B) As for A but after injection 
of the same amount of free *»Cr**. Li, liven Ki, kidney- 
Bl; bladder. ' 



I A) that after 15';min the highest concentra- 
lidn bccurs in the liver in rabbits injected 
with ^*Cr-labeled poIy( A) • poly(U). In con- 
trast, maximal concentration appears in the 
urinary bladder area in rabbits injected with 
free ^*Cr, although the liver and the kidneys 
are clearly visible (Fig. IB), One hour after 
injection of labeled poly(A) • poly(U) the 
highest concentration is still in the liver. 
However, a part of the aictivity is released 
and concentrated in the bladder (Fig. 2A). 
With free ^Cr, concentration in the liver is 
decreased and maximum concentration is in 
the bladder (Fig. 23). Twenty-four hours 
after inj^ibn the major concentration of 




poly(A)'poly(U) is still in the liver, the uri- 
nary bladder concentrations are no longer 
visible (Fig, 3 A). In contrast, with free ^^Cr 
the highest concentration is still in the bladder 
(Fig., 3B). Calculated decay times to 50 and 
25% of maximum^ radioactivity in the liver 
were 4 and 9 days, respectively, for 
poly(A)-poly(U). The results are representa- 
tive of four rabbits which showed identical 
behavior within the limitations of the tech- 
nique. 

A second series of rabbits was injected 
intravenously with about 3 X lO^cpm of 16- 
18 S '*Cr-labeled poly(A)-poly(U) mixed 
with approximately J 5()0 Mg of unlabeled 
poly(A) • poly(U) and the radioactivity of al.; 
iquots from liver and spleen was determinedi 
at different times. As shown in Table I the 
major part of the labeled poly( A)- poly(U) 
w^ iricorporated into,,the liver within 90 
min. Although only a minor portion of the; 
complex, was located in the spleen, the 
amounts incorporated were proportionally 
about nine times higher in the spleen than 
in the liver, when expressed per gram of 
tissue. 

Nuclei and cytoplasm of spleen cells were 
prepared, and as shown in Table II the 
polynucleotide complex was almost equally 
distributed between the cytoplasmic and nu- 
clear , fractions. The sucrose gradient sedi- 
mentation profiles (Figs. 4-7) indicate that 
in spl^n cells the complex of size 16-18 S ; 
remained undegraded during the first 90 min 
following inoculation compared to the con- 
trol. Shorter fragments appear after 24 hr 
and increased in the course of time, Howeveir, 
even after 7 days a significant proportion 
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Fid. 2 (A, B). As for Fig. I but I hr after injection. 
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F!o, 3 (A, B), As for Fig. I but 24 hr after injection. 





• Weighs 
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Liver : 
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180 
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1,12 
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■■■ 2/. ■ 


1.14 



Note, cpm injected (1) I.I 
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Weight of total radioactivity 








Organ 

(g). 


Incorporated 

(cpm). 


% of the input 
radioactivity 


Radioactivity per 
g of tissue 


Liver 
1 

: 2 


180 
191 


6»8bO,000 
6.200,000 


61.8 . 
59.6 " ^ 


37.806. 
32;400 


Spleen 
I 
2 


1.12 
1.14 


388.000 
398.400 


3.5 
3.83 


346.500 
349.500 



Note, cpm injected (1) l.I X 10^ (2) 1.04 X 10\ 



(Table II) still sedimented with the same 
coefficient as ' the intact poly(A) • poly(U). 
Uptake in the spleeii may be confined to 
macrophages or other * adherent cells, but 
given the lack of specificity of attachment of 
poly(A) • poly(U) for cells in culture (see in- 
troduction) this'seenis*unlikely. ' ' 

The ^*Cr-labeled poly(A) • pnolydJ) does not 
lose or exchange the label under physiolo^cal 
conditions of pH iand' temperature. That the 
label is riot liberated in the iri vivo experiments; 
followed by reincorporation ihto other poly- 
mei^ is shown by (a) comparison wth free 
^'Cr, (b) retention of the label with a 16-18 
S fraction in sedimentation for up to a week, 
with slow production of labeled nioiecules of 
lower nfiblecular weigiht; (c) if degradation to 
Cr-Iabeled monomers occurs these would not 
be siibstrates (and rather aa as inhibitors) 
for various polymerase systems and hence 
could not be reincorporateid into nucleic 
acids. 

Discussion. The capacity of poly(A)* 
poly(U) to inhibit the growth of some types 



of neoplasia in rodents is well established (1- 
5). The beneficial effect on tumor inhibition 
in breast cancer in hunians (6, 7) and the 
absence of any toxic effects confer a special 
interest to pharmacological studies of, this 
complex. 

Scintigraphic examination of organs of 
rabbits injected with **Cr-labeled pply(A)- 
poly(U) showed an unexpected metabolic 
stability of the double-helical^ pplyptitleotideV 
Maximal amounts are in the liver and the 
decay times to 50 and 25% of inaxinium 
radioactivity were 4 and 9 days; respectively. 
In contrast the elimination of free **Cr was 
relatively rapid and 24 hr aftiir the injeption 
the majority of activity was concentrated in 
the bladder (Fig. 3B), Direb, deteminatio 
of the radioactivity in the liver and in the 
splefen 90 nriin after injection of /'Cr-labeled 
poly(A) - poly(U) sHbwed that 61.8% of the 
input radioactivity was incorporated into the 
liver. Although only 8.5% of the tdtiai ifa^^ 
activity was located in the spleen, the amount 
incorporated per gram of tissue was about 



TABLE 11. Distribution of Poly(A) • Poly(U) in Cytoplasmic and Nuclear Fractions 
OF Spleen Cells as a function of Time 



Time after 
injection 


% of input 
radioactivity 
in^splccn 


✓ 

% Radioactivity 
ill nuclei 


% Radioactivity 
in 12-18 S 
fraction of 
nuclei 


% Radioactivity 
in cytoplasm ' 


% Radioactivity 
. , in j 12-18 S 
fbictioD of 
cytbi^lasm 


90 min 


3.82 ±0.1 


47.0 ± 1.4 


90.0 ± 0.9 


53.0 ± 1.4 


93.0 ±1.4 


24 hr 


, 3.15 ±0.03 


48.4 ±0.6 


45.7 ± 1.2 


51.6 ±0.7 


47.9 ± 1.5 


76 hr 


2.30 ± 0.1 


45.9 ± 0.9 


29.6 ± 1.2 


54.1 ±0.9 


36.3 ± 1.9 


7 days 


0.62 ± 0.05 


44.6 ± 0.8 


21.1 ± 1.5 


! 55:4 ±0.9 


33.2 ± 2 
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»plS^exti^'^iSra?fr^^ of "Cr-labeled vdyiAypolyiU) of nud^ and cy«.plasmic 
9b mi„ (FiTT) ;^r,Frr,rK^^^^^^^ ofabou. 3.500.000 cpm/kg and were sacrificed 

nuclear spL «tn«as S onto 5 26^!^'' h * 

in a SW 27 ro^ofTB^SSn uS^n^fi.^^ " ^^'^^ 20 hr at 17-C 

P^dpiutionandcouiLV^S^Si.lS'^Sr for acid 

exuacu as determined by measuring tlie absorntioi, «. c I Peaks m the cytoplasmic 

POI,(A).pol,(U). ^Jcytoias^c^^TnSci^;:"'*' conesponding factions. 0,ntn,l 



nine times higher thai 
gradient sedimentatior 
during this time the c 
degraded in spleen c 
profile of intact 16-1 
This result is not altog( 
an in vitro study in tu 
earlier shown that po 
mains intact for at 1 
present study conduct 
shorter fragments of p( 
24 hr after inoculatioi 
creases over 7 days. N 
1 week a nonnegligi 
undegraded. in the-ic 
nuclei of spleen ceils. 

This somewhat sui 
bolic stability of poly 
have a bearing on the 
this polynucleotide cc 
poly(U) acts on T ct 
ii^ection of 300 /ig i 
portion of T cells in 
peak the 3rd day aft< 
sented about 80% of 
tion. By the 4th d 
poly(A)»poly(U) the 
began to decrease bi 
not reached until the 
ing effect of the con 
(NK) cell activity has 
(5) and men (16). I 
showed that the efi 
(within 24 hr) and pe 
after injection. Tret 
poly(U) also leads to 
S A synthetase, an e 
production and actio 
fnan and rodents (16 
seems to act to vario 
cells irivolyed in hun 
imniuhe responses ( 
killer cell activity (5; 
of interferon (11, i: 
activities are though 
antitumor mechanisr 
plcx. Moreover, an 
suppressive effects x 
neoplastic cells evide 
the cyclic adenosine 
tern has been report 
recently observed tha 
produce interferon in 



PPLY(A)^P0LV(U) IN < 

nine times ■ higher than in the liver ■Sucrose'' 
gradient sedimentation profiles indicate that 
during this time the complex remained un- 
degraded in spleen cells compared* to the^ 
profile of intact 16-18 S poly(A) • poly(U). 
This result is not altogether unexpected since 
an in vitro study in tumor lymphocytes had 
earlier shown that poly(A) • [^H]poly(U) re- 
mains intact for at least 2^ hr (14), The 
present study conducted in vivo, shows that 
shorter fragments'of.poly(A)'poly(U) appear 
24 hr after inoculation and the amount in- 
creases over 7 days. Nevertheless; even after 
week a nonriegligible quantity remains 
undegraded in the cytoplasm and in the 
nuclei of spleen cells. 

This somewhat surprising in vivo meta- 
bolic stability of poly( A) • poly(U) may well 
have a bearing on the biological activities of 
this polynucleotide complex. Thus poly(A)- 
poly(U) acts on T cells: and after a single 
injection of 300 Mg in A/Sn mice the pro- 
portion of T cells in the: spleen rose to a 
peak the 3rd day after injection and repre- 
sented about 80% of the total cell popula- 
tion. By the 4th day after' injection of 
:poly(A)-poly(U) the percentage of T cells 
began to decrease tut normal values were 
not reached until the 15th day (17). A boost- 
ing effect of the complex on natural killer 
(NK) cell activity has been observed in mice 
(5) and men (16). In mice kinetic studies 
showed that the effects occurred rapidly 
(within 24 hr) and persisted for several days 
after injection. Treatment with poly(A)- 
poly(U) also leads to an enhancement of 2- 
5 A synthetase, an enzyme marker for the 
production and action of interferon in both 
man and rodents (16, 18). Poly( A) • poly(U) 
seems to act to various extents on ail of the 
cells involved in humoral and cell-mediated 
immune responses (10), i including natural 
killer cell activity (5). aridi in the induction 
of interferon (11, 12). /All these biological 
aaivities are thought to play a role in the 
antitumor mechanism of this nontoxic com- 
plex. Moreover, an indicatioii of the direct 
suppressive Effects of poly(A) • poly(U) on 
neoplastic cells evidenced as an alteration in 
the cyclic adenosine 3'5-monophosphate sys- 
tem has beerv" reported (2), and it has been 
recently observed that tumor c^lls themselves 
produce interferon, in response to intravenous 



:ancer treatment \ . - U > yg^- 

injection of poly( A) • poly(U) in mice (19). 
However, the relevance of the long-lasting 
persistence of undegraded poly(A)*poly(U) 
in the liver and the spleen to antitumor 
effects observed both in experimental animal 
models and in humans remains to be deter- 
mined. From a practical viewpoint the find- 
ings justify (a posteriori) the clinical schedule 
(injection once a week) used for the treatment 
of human patients. 

We thank B, Perdereau and C. Barbaroux, Institut 
Curie, for assistance with the scintigraphic work. 
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raced iSH,)<,0, and sarred 15 houn at room 
ccmpcracufc, Th.c preapiutc wa» coUixteu bv ccn- 
cnmg^n 1 12.000^ for 30 min» and dissolved in 5 
ml ot TE butfer. Alter 30 min at toom tanoeranue, 
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aroouoc restduo. Concentrraoo values detemiined 
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Direct Gene Transfer into Mouse Muscle in Vivo 

[^^^ 
WANG Chong, Gyula Acsadi, Agnes Jani, Philip L. Felgner 

^^^S^t^Ta"" «>°'^ S«« for chloramphenicol acctvitrans- 

tt^Pt^S P-g^iaaosidasc w« separately injected into mouse skeletal 
muscle m VIVO. Protcm expression was readily detected in aU cases, and ho snecial 

conditions. In situ cytochemical staining for (J-gal^^ 

— A^"^ "^.T*^" ^ ^^"^'^ of^-galaaS^^ 
o™;1fS: "^^%°^*-,^NA ludferase expression vector, iuS^c^ty^w« 
present m the musde for at least 2 months. *«iv«y w« 
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MOST EFFORTS TOWAILD POSTNA- 
tal gene therapy have relied on 
indirect means of introducing 
cw generic infbmwrion into rissucs: cargct 
-lis are removed from the bodv, infected 
\vith viral vectors canying the new generic^ 
intbmiaaon, and dicn reimplanced into the 
^xxiy (/). For some applications, direa in- 
croduction of genes into tissues in vivo, 
wtrfiout the use of viral vectors, would be 
uscml. Direct in vivo gene transfer into 
posmaial animals has been achieved widi 
rormuiations of DNA encapsulated in lipo- 
>^es, DNA entrapped in proteoiiposomes 
-r.caimng viral envelope receptor proteins 
- calcium phosphace-coprcdpitated 
C^NA (i), and DNA coupled to a polyiy- 
sine-glycoprotcin carrier complex (4). In 
VIVO infcctivity of cloned viral DNA se- 
^ucnccs after direct intrahepatic injection 
^vith or widiout formation of caldum phos- 
phate coprcdpitatcs has also been described 

-rancnnotPediaoiaandGenenca, WainnanCcn- 
niventty of WUooniin. Madison. Wt S3706 

i:.\ 92\li!^ *~ ^* ^ ^"^^ Vieal Inc. San Diego, 
"^o *hom correipondence should be addrond. 
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(i). With die use of cationic lipid vesicles 
mRNA sequences containing clanents 
that enhance stability can be effidcndy trans- 
lated in tissue culture cells (7) arid in Xeno- 
pusikems embryos (8). We now show thtt 
ihiectionof pure RNA or DNA diiccdy iiiio 
mouse skeletal musde results in significanr 

expression of rcpottcr genes within the mus- 
decells. 

. The quadricep musdes of mice were in- 
jected (9) wirfi ddxer 100 fig of pRSVCAT 
DNA piasmid (10) or 100 fig of pgCATft-. 
gA^ RNA (7, 11, 12). The RNA consists of 
the chloramphenicol aceiyr traiwfaasc 
(CAT) coding sequences flaiiked by p-glo- 
bin 5' and 3' untranslated sequences and a 
3' polyadenyiatc tract. CAT activity was 
readily detected in all four RNA injection 
sic» 18 houn after injection and in all six 
DNA injection sites 48 houn after injection 
(Rg. 1), Extiaas from two of the four RNA 
injection sites (Kg. 1, lanes 6 and 8) and 
from two of die six DNA injection sites 
(Hg. 1, lanes 11 and 20) contained amounts 
of CAT activity comparable to those ob- 
tained from nbrobiasts transientiy tianstect- 
cd with the corresponding constructs in 
vitro under optimal conditions (Fig. 1, lanes 
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9 and 10 and 21 to 24, respcctivchr). The 
average total amount of CAT activity ex- 
pressed in musde was 960 pg for die RNA 
infections and 116 pg for die DNA injcc- 
nons. The variability in CAT activitv recov. 
ered fr om diffbent musde sites probably 
represents variability inherent in die injec- 
tion and cxxEKtion technique, because sig- 
nificant variability was observed when pure 
CAT protein or pRSVCAT-iransfccted fi- 
brobbsts were injected into the musde sites 
andimmediaidy excised for measurement of 
CAT activity. CAT activity was also recov- 
ered from abdominal musde injected widi 
tfec RNA or DNA CAT veccon (IJ), indi- 
Ming that odier muscles can take up and 
«p«» polynadcotides, 

^ The site of gene expression was dcter- 
^led fo r die pRSVW^Z DNA veaor (14) 
eapicssing the Esduruhia eoli p. gaiartr%^ ^a,f> 
8™^ (Kg- 2). Seven days after a single 
ii^atioii of 100 Mg of pRSVZacZ DNA 
into mdividuai quadricep musdes, the entire 
nn»dcs were removed, and every fifth 
ISym cnw section was histochemicailv 
stained for ^-galacoosidase activity. Approx- 
imaariy 60 of die. -4000 musde 

cob that comprise the entire quadriceps and 

10 to 30% of die ceils widiin die injection 
area were stained blue (Fig. 2, A and B). 
Posniye 0-galactosidase staining wiiiiin 
some individual muscle ceils was at least 12 
mm deep on serial cross sections (Fig, 2, D 
»F), which may be die result of either 
tramfeuion imo multiple xmdei or the abili- 
ty of cyioplainuc proteins expressed from 
one nucleus to be distributed widehr wiriiin 
the musck cdl (/i). Longinidinal sectioning 
also revealed p-galactosidasc soaining wiiiiin 
nmdc cdls ft)r at least 400 fun (Kg. 2Q. 
Fahttg blue staining often appeared in the 
tx)«iermg anas ot cells adjacent to incensdv 
stamed ceils. ITiis most likely represeno ai 
aitifia fdiehbiochcmicalp.gabcto«dase 
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stain, in \vh\&. ±c reacted product diSuse: 
before precipitating. An alternative hypoth- 
esis is that 3-galaaosidase can be transport* 
cd from a transfected cell to an adjaccnL 
uniransfcctcd cell. 

A dosc-rcsponsc circa was observed when 
quadricep muscles were injected with vari- 
ous amounts of RNA; (3gLucPgArt) or 



DNA {pRS\^) constructs containing, the 
nrcfly iucifcrase reporter gene (Fig. 3A). 
The injection of ten times more DNA result- 
ed in ludfcrase activity increasing approxi- 
mately tenfold from 33 pg of ludfcrase after 
the injection of 10 jilg of DNA to 320 pg of 
ludfcrase after the injection of 100 ^tg of 
DNA. The injection of ten times more RNA 



also yielded approximatdy tenfold more iu- 
cifcrase. On the basis of the amount of DNA 
delivered, the cffidcncy of eaqpression from 
the DNA vectors was similar in both trans- 
fected fibroblasts andVt injected musdes. 
Twenty micrograms of pRSVL DNA tram 
fccted into fibroblasts yielded a . total of 12c 

' pg of ludfcrase (6.0 pg of ludfcrase per 
microgram of DNA) (IS), whereas 25 p-g 
injecced into musde yielded an average of 
1 16 pg of ludferase (4.6 pg of ludfcrase per 
microgram of DNA) (Fig. 3A):Thc expres- 
sion fipom the RNA vectors was approxi- 
macdv sevenfold more cffidenc in transfect- 
ed fibroblasts than in injected musdes. 
Twcnt>' micrograms of PgUicPgA^ RNA 
transfiecced into fibroblasts yielded a total c : 
450 pg of ludfcrase (7, Id), whereas 25 ng 
injected into musde yidded 74 pg of hidfcr- 
asc (Fig. 3, A and B). 

The time course of expression was also 
invcsngatcd (Fig. 3, B and C). Ludfcrase 
acdvitv' was assayed at various times after 
100 \Lg of PgLuc$gA„ RNA (7) or 100 ng 
of pRSVL DNA (/7) were injected Afirr 
RNA injectidn, the average ludfiaasc acdvir 
ty reached a maximum of 74 pg at 18 hour; 
and then decreased to 2 pg at 60 hours. In 
tiansfecced fibroblasts, the ludferase acdvin* 
was maximal at 8 hours. After DNA injec- 
tion into musde, substantial amm iftrt of 
ludfcrase were present for at least 60 days. 

The ludfcrase protein and the in vitro 
RNA transcript appear to have a half-life of 
less than 24 hours in musde (Fig. SB). 
Therefore, the persistence of ludfinse activ- 
ity for 60 days in musde after pRSVL DK/. 
injection is not likely to be due to th, 
stability of ludferase protein or the stabilitv' 
of the in vivo RNA transcript. Southern 
(DNA) blot analysis of muscle DNA indi- 

, cates that the foreign pRSVL DNA is prcs* 
em. within the musde tissue for at least 30 ' 
days (Fig. 4, lanes 6 to 9) and that the 
amount present at this time is similar to the 
amount of DNA present in musde 2 and 1? ^ 
days after injection (13). In muscle DNA 
digested with Bam HI (which cues plCS^^l 
once) (Fig. 4, lanes 6 to 9), the presence of 
a 5.6-U> band that corresponds to linearized 
pRSVL (Fig. 4, lane 2) suggeso that the 
DNA is pr e s e n t dther in a drcuiar, extra* 
chromosomal form or in large tandem re- 
peats of the plasnud integrated into chromo- 
some. In musde DNA digested with 11 
(which docs not cut pRSVL), the presczicc 
of a band smaller than 10 kb (Fig. 4, lano 
12 and 13) and f the same size as the open 
drcuiar form of the plasmid pRSVL (Fig. n. 
lane 1) implies that the DNA is present 
cmachromosomally in a drcuiar form (1^* 
Excrachromosomal DNA of muscle cxtraas 
was prepared by the method of Hirt, modi* 
fied by Pauza and Galindo (1^. The appear^ 
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Fig. 1. Autoradiogranu from two 
separate experiments showing 
CAT activtt\' in extracts from 
quadhcep musdes injecied with 
pRSVCAT DNA or pgCAT^- 
gA^ RNA. Lane nuinbcn aic 
above and percent dilorampheni- 
col conversions are below each 
autoradiogram. Lanes 1 and 13, 
control Abroblasis; lanes 2 and 
14, musde injected with 5% su- 
crose solution; lanes 3 and 15, 
0,005 unit of noninjccted, puri- 
fied CAT standard (Sigma); lanes 
4 and 16, 0.05 unit, of noninjca- 
ed, punned CAT; lanes 5 to 8, 
miisde injected with 100 of 
PgCATegA, RNA in 5% su- 
crose; lanes 9 and 10, 20 »ig of 

^gCAT^gA^ RNA . transfected _ 

with 60 M.g of lipofecdn reagent {6) into a 70% confluent 60-mm plate of 3T3 ccUs (-10* cells) (7, 5); 
lanes 1 1, 12, and 17 to 20, musde injected with 100 pig of pRSVCAT DNA in 5% sucroac; lanes 21 
and 22, 20 »ig of pRSVCAT DNA iransfeaod with 60 ng of Upofectin reagent into a 50% confiuem 
60-mm plate of 3T3 cells (-0.8 x 10* cells); lanes 23 and 24, 20 »ig of pRSVCAT DNA transfected 
with caidum phosphate into a 50% confluent 60^mm plate of 3T3 cells as previously described (2i). 
CAT activity was assayed 18 hours after aU in vivo and in vino RNA tiansfecdons and 48 houn after all 
DNA iransfecDons. RNA and DNA pohmudeotides were prepared as described {2S) and muscle 
OTacts were axiaiyzed for CAT activity (27, 28). Similar results have been obtained in five separate 
experiments. 




Rg. 2. In situ cytochemical 
staining of musde cells for 
E. coU 3-gabctosidase activi- 
c\'. (A and B) Cross sections 
of a muscle injected with 
pKSVlacZ at X 25 - and 
X 160 optical magniflcation, 
respecnveiy. (C) A longiiu- 
dinal sccnon of anothdr 
muscle injected, with 
pRSViflfZ, , xl60. (D tp F) 
Serial croos sections of the 
same muscle that are 0.6 
nun apan. Quadriceps mus- 
cles were injected once with 
100, ng ofpRSV/flrZ DNA 
( 14) in 20% sucrose, and the 
entire quadriceps were re- 
moved 7 days after die first 
injecnon. llie musde was 
frozen in liquid isopcntane 
cooled with liquid N}, Serial 
secuons (15 pm) were sliced 
with a cryostat and placed 
immediately on gdaoxiized 
slides. The slices were fixed 
in 1.5% glutaraldehyde in 
phosphate-buflered ' saline ^ 
for 10 min and stained 4 
hours for 3-galactosidasc ac* 
rivity as described (29); The 
muscle was couruerstained 
with cosin. Sinular results 
have been obtained in 16 
individual injecnon sites. Control musde had no stained musde ceUs. Scale bar; (A). 620 urn: (B and 
C), 100»un;and(DtoF),260iun. ^ ^\ 
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Fig. 3. The ctfixts of dosage of RNA and DNA and of tiroc on total 
tuciorasc cxtnocd. Valua indicate the average tool ludiense acdviiy 
r SEM of nuisde cxtraas th)m tour to ten separate quadriceps chat were 
inicucd or ot fibroblasc cxtracD trom two to four scpaiate lipofeccions. ( A) 
Lucifcrasc actxviiy was measured 18 hours after the injection of varving 
-nunis of 3gLucegA, RNA in 20% sucrose (solid ban) and 4 davs after 
• injecQon of various amounts of pRSVL in 10% sucrose (striped ban), 
3 1 Ludierase acdvity was assayed at various times after 20 pg of 9gLuc0- 
^ RNA were lipofccied iriio 10* 3T3 fibroblaso (striped bar») as 
previously described (6, 7), and after 100 jtg of 0gLuc0gA, RNA in 20% 
sucrose was injected into quadhceps (solid bars). (C) Luafierase activity was 
assayed at various times after 100 of pRSVL DNA in 20% sucrose was 
injected iniramusculariy. The RNA and DNA vecion were prepared as in 



2 4 7 9 15 25 40 60 

Fig. 1. Muscle cxtraas of the endrc quadriceps were prepared as in Fig. 1, 
except that the lysis buifcr was 100 mM poossium phosphate ipH 7.8), 1 
mM DL-dithioihrcicol, and 0.1% Triton X-IOO. An 87.S->a poition of the 
200-Mi cxtraa was analyzed for iudforase aaxvity as described (17) with an 
LKB 1251 luminometer. Light units were converted to picograms of 
ludferase with a standard curve established by measuring the light unia 
produced by purined firefly ludftrase (AnaiytkaLl t «tmjn^.,TYm,ff Laboratory) 
in control muscle extract. The RNA or DNA preparations did not contain 
any contaminating ludferase aaiviry before iniecnon. Control nnisde injea- 
cd with 20% sucrose had no dcteoiblc ludfiaasc activity. Experiments were 
performed two or three times; the time potius greater than 40 davs were 
performed three times. 
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f\q* 4. Southern blot analysis of 
l^^NA from muscle iniecied 30 davs 
viously with pRSVL. ^^ nf 1, 
5 ng of undigested pRSVL plas- 
Tud: lane 2, 0.05 ng of Bam HI- 
aigested pRSVL; lane 3, empty; 
lane 4, Bam HI digest of Hirt 
supernatant trom control musde; 
lane 5« Bam HI digest of cdlular 
DNA from control uninjecced 
niusde; lana 6 and 7, Bam HI 
digest of Hirt supernatant from 
:^vo di ffiueiii pools of pR5VL-in* 
-caed muscles; lanes 8 and 9, Bam 
'-'I iigest of cdlular DNA from 
• ^ difeent pools of pRSVX-in- 
:^:cd muscle; lane 10, cellular 
DNA (as in lane 9) digested with 
Bam HI and Dpn I; lane 11, cellu- 
lar DNA (as in lane 9) digested 
^vich Bam HI and Mbo I; lane 12, 
cellular DNA digened with Bgi II; 
and lane 13, Hut supemataot di> 
jested with Bgi IL Preparations of 
musde DNA were obtained from 
control, uiunjected quadriceps or 
rrom quadriceps 30 days aiiser injec- 
"''>n with 100 pLg of pRSVX in 
.Jo suaose;. Two entire quadricep 
rtusdes 6om the same aniinal were 
pooled, minced irao liquid N?, and ground with a morear and pesde. Total cellular DNA and Hirt 
suownatano were prepared as previously described (21, 25). Fifteen micrograms of the total ccUular 
DNA or 10 nl of the 100-jil Hirt supernatant were digested, subjected to clectrophortsis on a 1.0% 
igarosc gel, transforred to Nvtran (Scheicher & ScfaueU) with a vacublot apparatus (LKB), and 
^ybndized widi muidprimed "P-labdcd ludferase probe (rfjc Hind UI-Bam HI fragment of pRSVL). 
•Vter overnight hybridization, the final wash of the membrane was with 0.2x standarxi sodium citrate 
contaming 0, S % SDS at 68*C. Kodak XAR5 film was exposed to the membrane for 45 hours at - TOM 
iac marioen ( X/Hind HI) are shown on die left in kibbases. 
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^••cc of lixc pR5VL DNA in Hirt supcnu- 
vFig. 4, lanes 6, 7, and 13) and in 
bacteria rendered ampidllin-resistant after 
^^tbrmari n with Hirt supcmatants (13) 
suggests that die DNA is present unin- 
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i t g i ai c d. A l though the majority of the exog- 
enous DNA appears to be cstrachronr^osoxn- 
ai, bw Icvds of cfiromosomal intcgrarion 
cannot be definidvcly excluded. Overexpo- 
sure of the blots has not revealed smears of 



hybridizing DNA that would repres ent plas- 
mid DNA integrated at random sites. The 
scnsithrity of the pRSVL DNA in musde to 
Dpn I digcsdon (Fig, 4, lane 10) and ia 
resistance to Mbo I digesdon (Fig. 4, lane 
U) suggests, as previously opiained (20), 
that the DNA has not replicaaed witiiin the 
musde cells. Thus, the rdadvdy stable 
expression of ludferase in musde injected 
wtdi pRSVL DNA is probably due to die 
persistence of injected DNA. Most of die 
DNA exists as a nonintegrued, circular 
fbim that does not replicate. 

The mechanism of entry of these polynu* 
deoddes into the musde ceils is unknown. 
Polynudeodde opression has been ob- 
tained when the oomposidon and volume of 
the injection fluid and the rate of injecnon 
were modified from the described protocol 
(21). Although we have d etected low 
amounts of lepuuiei' enzyme in other tissues 
(Uvcr, spkcn, skin, lung, brain, and blood) 
inieoed with die RNA and DNA vectors, 
the levels in musde were substantially great- 
er. Musde may be particulariy suited to cake 
up and express polynucleotides because of 
its structural features, such as its multinude- 
ated ceils, saroophsmic reticulum, and trans- 
verse tubule system, which comains extracd- 
lular fluid and penetrates deep into the 
musde cdl (22, 21). It is also possible that 
the potynudeoddcs enter damaged muscle . 
cdis, which tlien reoyver 

If direct transftr of genes imo human 
musde in sim also occurs, it rmy have 
several potential dinirat applications. The 
cffi xt s f genetic diseases fmnsdemightbe 
ameliorated by ezprcssioa f the normal 



gene ^^^thin musdc cdls (24), Musdc migh: 
also be a siuubic dssuc for the hcceroiogous 
expression of a cransgoic mar would inodif>' 
disease states in which musdc is not primah- 
ly involved. The intracellular expression of 
genes encoding anngens nuy provide alter* 
native appioiachcs to vacdnc dcvtiopmenL 
The use of RNA and a tissue that can be 
rependveiy accessed might be useful for a 
reversible type of gene transfer, adminis- 
.tered much like cohvennpnal pharmaceud- 
cal treatments ^ 
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nibe containing 200 lU of a tvsis soluticm (20 mM 
tris-HQ {pH 7.4). 2 mM MgQj, and 0. 1% Triton 
X- 100). and grinding the musdc with a plastic penie 
(Konies) for I min. To ensure complete disruption 



cf the muscic cells, wc then p^laced Uh; muACk. tissue ^ 
under 600 psi of N; in a bomb (Parr) « 4*'C for 30 
min bctore rctcasine the pressure. 'Fibroblaso were 
processed suniiariy after they were removed from the 
plates by treatment with trypttn, taken up into 
media with scrum. was;ied twice .with phosphate- 
l^iffi'ful saline, and then thr '"wl cell '^'^Ict w:. 
suspended uito 200 ui of lysis sohibon. Portiom (r* 
Mi) of the muscle and fibtobiast GCtraas were j . 
saved for CAT activny by irKubacing the leacoon 
minures for 2 hours (i^. The auioradiograms were 
made by exposing the thin*iaycr chrcMnaiographx' 
(TLC) plates, after sprsying them with NEN En- ' 
. hanoe. to Kodak XAR5 film for 54 hours at -70^. 
Peroetit oonyeisions were deieniuned by measurmg 
the radioactivity in the scnped TLC spots. Perooit 
conversiom were c ai ve n c d to pioograms of CAT . 
with the use of a standard lop"^ curve mahlithcd 
by mosunng the peroem convcnion produced b\" 
puhfied CAT (Sigma) and the cbnVeiticm boor or. 
100*000 units of procctn per miUtgran ( Sigma t. 

28. C Gorman et aU Mol. Ceti, Biol. X 1044 ( 1982 . 

29. S. Shimohama et .aU Mol. fimn Ra,., sa press; 
Ptibc. O. Turner. C Cepkaw>Bc. Nod. A<tfd. 6i. 
aXA, 84. 156(1987). : ; 

30. Supported in pan bv the NIH (grant luimben . 
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Talyor Monorial FuruL We thank fi. Hansen aiid P. 
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oomaining the CAT gene;> £. L^ifper for technical 
assistance; S. Komguch. K, Suffiu and A. Mentng 
for advice on the histologic techniques; M. Rasmus* 
sen for help ui preparing the rnanuscnpt; S. Hun- 
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Is Soot Composed Predy of Carbon Clusters? 

Lawrence B. Ebert 

Soot generated from diesei fuel in a combustion tube b characterized by microanaiysis. 
x-ray difiaction, dij^micai reactivity, and nuclear magnetic resonance to address the 
recent prop6sal of tfac significance of carbon dusters in soot. The data siqiport a 
traditional model of soot as polynudear aromatic compounds rather dban as dusters of 
carbon atoms "^7"™*"^* edge site density. The amounts of noncarbon atoms in the 
soot (hydrogen, oxygen^ nitrogen, and sulfux) are commensurate with the edge densit>' 
of the crystallitts (2 by i nanometers) inferred from dtSractibn. The chemistry of soot, 
in being reduced by^j^^ metal and alkylated by alkyi iodides, is that known for 
aromatic oompii^^ not that anticipated, for materials such as grqihite, witu i 
small fracdon of carbon atoms on edges. / 




ECENTLY, IT WAS PROPOSED THAT 

che Qo carbon duster might shed 
^"a coolly ,ncu' andrrcvcaling light- 
on several important aspects of carbon's 
chemical aiid physical prbperacs chat were 
quicc .unsuspecced*' [{1)^ p, 1139], One of 
the outgrowths of this work was the predic- 
tion that *^C(a should be a by-produa of 
combusnon and a ke\' to the soot fomiadon 
process" ((/), p. 1145]. Alth ugh there was 
n daim that die dosed polyhedron Qo was 
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a major component of soot^ the idea 
advanced that the kfiown spherical morphol- 
ogy of soot couid be interpreted as arisuig 
frcffh open, spiraling, carbofi dusters. Each 
spherical pardde of soot would be a mole- 

,cule.: _ . . y - r ■ ?' ^ 

There is no doubt that the proposal ot 
carbon dusters is exddng and that the i:v J 
has captured the imaginad n of many, 
the laser pyrolysis of carboiuceous sub^ 
straces, however, two separate groups ha\*t 
&iled to find Qo to be a dominant spedes 
{2, j), and there is some disagreement over 
the interpreianon of the experiment linking 
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Brief Rapid Communication 



Expression of Recoinbitikiit Genes 
in Myocardium In Vivo After 
Direct Injection of DNA 

Hua Lin, MD, Michael S. Parmacek, MD, Gerald Morle, BS, 
Steven Boiling, MD, and Jeffrey M. Leiden, MD, PhD 

The ability to program recombinant gene expression in cardiac myocytes in vivo holds promise 
ftor the treatment oTmany inherited Md acflwrea^^^c^ diseases. In tliis report we 

demonstrate that a recombinant /S-galactbsidase gene under the control of the Rous sarcoma 
virus promoter can be introduced into and expressed in adult nit cardiac myocytes in vivo bv 
the injection of purified plasmid DNA directly into the left ventricular waiL Cardiac myocyt^ 
expreMm|rerombinant^d detected histochemicaUy in rat h^ for at least 

4 weeks after injection of the /3-galactosidase gene. These results demonstrate the potential of 
g«n« ih«n»py foi: the^tro of cardiovasnilar dia^iMi: ^r^w ^^ 
1S^;52:2217-2221) ^ , - 



S omatic gene therapy, the expression oif rcOTm- 
binant genes in non-germ-line tissues of the 
adult organism, holds ^eat promise for the 
treatment of many inherited and acquired humaii 
diseases (reviewed in Reference 1), The biological 
requirements for this type of gene therapy include 
the ability to introduce , recombinant genes efficiently 
into the appropriate cells and tissues and to program 
'he high-level and, in many cases, stable expression of 
ohese; recombinant genes in vivo. In addition, it is 
necessary that tlie. process of gene therapy itself not 
be harmful to the recipient organism, in particular, 
.that tHe techniques usecl to introduce the recombi- 
hMt genes do np^ in persisitent infeaion of the 
hdst or in deleterious mutations of the recipient cells. 
Two general approaches have proven uscfiil in ani- 
mal models of sbniatic gene therapy. In firs^ 
recombinant gcnei have bieen infroduiwd into cul- 
tured ceUs in vitro, and cells exprcsjiuig the re<»mbir 
nant gene product have then been transplanted ihto 
the appropriate tissue of a recipient animal.?-^ In the 
second, recombinant genes have been introduced 
directly into somiatic cells in vivo> ' 
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^The ability to program repondnnant gene expression 
in adult myocarchum in vivo requires both an expres- 
sion vector with high-level activity in cardiac myocytes 
and a method for introducing such a vector into myo- 
cardial cells in the adult animaL A previous smdy 
demonstrated that murine skeletal myocytes display a 
rather unique ability to take up and express DNA after 
direa injection 

report, we shew that an^^ vector usmg ^the 

Rous sarcoma virus (EISV) long terminal repeat (LTO) 
propanK high-level rt»^ gene expressioii'iif rat 

cardiac myocytes in vitro and demonstrate that recom- 
binant genes cloned into this vector can be introduced 
intt) and expressed in adult rat cardiac myo^tes for. at 
least 4 weeks after direainjecdon of plasmid DNA into 
the left ventricular walL ^ j 

Methods V 

Cdl Culture and Transient TmnsfecM 

Neonatal^ rat caifdiac ntyocytes were isolated frcfc 
l-2HiayH)ld Spi^e-Dawley rats (Oiaries Riyeir 
omtoriei'' Wilm^ by cbUagenaise d^^ 

as previously desbibett^ TTiis to % thfe 

iik»lation of more thu 

fofur hours after isbl^tioii, 1 x freshly isoiiated mj^ 
cytes in a 60-mm coUagen-coated dish (GdUaboraove 
Research Inc., ^althmi, Mass.) were tram^^ 
IS Mg of c^ixm chldricle gnuhem-*piiuified chlor^- 
phehicbl^acistyl transferase (GAT) xt^^k^ 
DNA pius 5 /ug of pNiyZ/Sgal reference plasmid DNA 
as follows: 20 /xg of plasmid DNA was resuspended in 
I^ ml of Opti-MEM (GiBCO, Grand IsLaod* N.Y.) 
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Figure l. Tr(mscnpmruU0ca^ (RSV) hng terminal repeat (LTR) m rat nepriaud^^nluxy^ 

Panel A:A schematic represertumon of the pRSVCAT and pRSVfigai plasmids. figal, p^galactosidase gerie; CAt'chtdmmphemcol 
acetyl transferase gene. Hmdlll (H3) and BamW (B) restriction endonudease sites are shown. Panel B: Transcriptional activity of 
the RSVLTR in rat neonatal cardiocytes in vitro. Rat neonatal cardiocytes wm transfected with 15 y^gpfthe prvmoteriesspSVOCAT 
control plasnMpr the^pRSVCATplasrmd (see panelA) and cell extmds pn^jared 48 Hours after transection were nqrmaiaed for 
protein content and assiMd for CAT aaivay as previously described^ Jo co/urol fpr differenca in transfecdon effldendes, all 
transfections also contained 5 fjg ofthe pMSVfigal reference plasmicL Data ans shown as CAT qcmnty reladye to that produced by 
the pSVOCATplasmid (which produced 2:7% acetyladon) after correcdon for differences in tnmsfmion efficiency^.- 



and added to li nil of Gpti-MEM OTritaining 50 ii\ of 
lipofecon reagent (BRL Gaithersburg. Md^. T^^^ re- 
sulting mixture was added to one 60-imn plate of 
cardiac m^ After 5 hoiirs at 37* C in 5% CO2, 3 
nillif Medium 199 plus 5% fetad bovine serum (FCS) 
(GlOeO) was added to the cellsL and tKe mixture was 
incubated at 37" € for 48 hours. Cell exiiicts were 
prepared/and normalized for protein content using a 
commercially available kit (Biorad, Richmond, Calif:). 
CAT and /i-galactosidase assays were performed' as 
previously described.' i 

Plasmids 

The promoterless .pSVOGAT plasmid>o and the 
pRSVCAT?V plasmid in which :transcription of the 
baaerial CAT gene is under the control of the RSV 
promoter have, been described previously- The 
pFLSV^gaJ plasmid >as constructed by cloning the 
4.0-kb )3-galaaosidase gene from pMSy)3gali2 into 
f/OTdlil/BomHI'^gested pRSVCAT (see Figure lA). 

Injection of Recombinant DNA Iri Vivo 

Six- to 11-weck-old 250-g Sipr^e-Pawley rats were 
h lii^d and cared for acobrding to Nationsd Insmutes 
of Health guidelines in the ULAM fadlity of the 
Univcnity of Mich^ Me^dicai Center. Rats were 
anesthetized with 20 mg/kg pentobarbiiol i.p. and 60 



mg/kg ketamine i.m., intubated, and ventilated witr : 
Harvard (Harvard Apparatus, South Natick, Mass.) 
respirator. A left lateral thbracotoiny Was performed 
to expose the beating heart, and 100 >g bf plaismid 
DNA in 100 ^1 of phdsphaie-buffered saline (PBS) 
containing 5% sucrose (PBS/sucrose) was injected 
into the apical portion of the beating left ventricle 
using a 30-g needle: Control ariimals were injc^ed 
with 100 ^Ll of PBS/sucrose iflone.^^ animals were 
killed 3-5 or 21-30 daj^ after injection by pentoba'- 
bitol euthanasia; hearts were removed via a mediu 
sternotomy, rinsed in ice-cold PBS, and processed for 
^-galactosidase activity. 

Hisiochemical Analysis 

Three-millimeter cross sections of the left venaicle 
were fixed for 5 minutes at room temperature with 
1 J2S%. glutaraldehyde in PBS, washed three times at 
room temperature in PBS, and stained for /9-galaao- 
sidase activity' with X-gal (Biorad) for 4-16 hours a- 
described by Nabel et-lal.2 The 3-mm sections wc;; 
embedded with glycomethocrylate, and 4*7-/im sec- 
tions were cut and cdunterstained with hematoo^ 
and eosin as described previously.^ Photomicroscopy 
was performed using Kodak Ektachrome 200 fihn and 
Leiu Laborlux D and Wild M8 microscopes. 
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Figure 2. Expression of a recombinant fi^aiactosidase gene in cardiac myocytes in vivo after direa injection ofpRSV0gai DNA 
imp the left vemriadar waiL One hundred micrograms of pRSVPgai DNA was injected into the beatirig apical wail of the left 
ventricle of Sprague-Dawley rats usinga 30^ needle as described in "Methods, " Hearts were f^ri^ated J^S days qr ¥feeh after 
injection and stained for ^lactqsidase activity. Panel AcIOx view of a J-rnm section of a heart 3da^aftgrpRSVp ^ injection. 
Panel B: ISx viewofa J-mrn section from a heart 27idays) after pESV^ injecdon. PdneidC and D: I25x and 250x views, 
respecttvefy, of 4- pM sections ftvm a heart 3 days after pRSVfigai injection. fi^Galactosidase 'actiiH^^ddrk'b^ stainirtg) is seen 
onty withiri cartiiac myocytes that cari be ident^jM 



Results 

RSVLTR Promotes High-Level Gene Expression, irt 
Rat Neondml Cardidcytes In Vitro 

Although the RS V LTR displays high-level tran- 
scriptional promoter activity in a wide variety of 
immortalized cell types, previous transgenic stud- 
ies have suggested that this promoter is preferen- 
tially active in skeletal and , cardiac myocytes in 
vivp,i3,w tq test directly the transcriptional activity 
of the RSy LTR in rodent cardiac myocytes, the 
.'RSYCAT vectorM in which expression of the 
bacftcriai CAT gene is under the control of the RSV 
LTR was transfected into primary neonatal rat 
cardiac myocytes using lipofectin. Two days after 
transfection, the cultures were harvested and as- 
sayed for CAT activity as previously described.'^ All 
transfections also contained S /igof the pMSV)3gal 
plasmid^2 to correct for differences in transfection 
efficiencies. As shown in Figure 1, the RSV LTR: 
was able to increase transcription of the CAT gene 
'7-f6ld compared with the promoterless pSVOCAT 
:ontrol plasmid. The pRSVC\T-transfectcd car-' 
diac myocyte extracts produced 95% acetylati n in 
a standard thin-layer chromatography assay.' By 



comparisonvidentically prepared extracts of 3T3 or 
HeLa cells transfected; with this same vector pro- 
duced 22% and 35% acetylation; respectively (data 
not shown). Because the activities of cotransfected 
pMSV)3gal reference piasmids were almost identir 
cal in all three transfections, these results demon- 
strated that the: RSY LTR programs high-level 
transcnptidn in primary cardliac myocytes in yitro. 

The abilii^ to unambiguously identify the cell 
typbs that are expressing recombinant gene prpdi^ 
ucts^ is an important. reqiiireTO animal 
models of gene therapy. Because the bacterial 
)9-galactbsidase reporter gene (but not thie bacterial 
CAT gene) allows direct histological visualizktion 
of recombinant gene expression, we constructed a 
pRSV/3gal vector in which bacterial /3-gaiactbsidase ^ 
gene expression is regulated by the RSV LTR 
promoter for further studies of recombinant gene 
expression in vivo (Figure IB). 

Expression of ^Galactosidase Gene in Rat Cardiac 
Myocytes After Injection of pRSVpgal DNA Into the 
Li^ Ventricular Wall In Vivo 

In an aittempt to prd^am recombinant /3-galaicto- 
sidase gene expression in rat cardiac myocytes in 
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VIVO, we took advantage of a previously described 
technique for producing recombinant gene, expres- 
sion in murine skeleiail myocytes in vivo.* Briefiy, 100 
Mg of pRSVegal DNA was rjcsuspe^ided. in. :ibO jil of 
PBS containing 5%;sudrose (PBS/sucrose) and in- 
jected via a 30-g:iieiedl^,direcdv^intb the beating left 
ventricular wair of v(S^lf^ 
rat heans. Control rats recehwd in^ 
of PBS/sucrose vriAoiit D>N>^ either 
3-5 days or 3^^weci3ta^^m^ 
were fixed and staiiaetf vf^^^^^ 
^Galaciosidas^activn^ias ma^^ 
staining was readily appare 
sections of three of /four of the ; pR^ 
heans at 3-5 days and four of five of the pRSV/3gal- 
mjected hearts at .3-4 weeks, after DNA injections 
(Figures 2A and 2B). Ttus stamingv \^^^ Wasipcal 
and patchy, occunred only in a sing^^^^ of each 
hean injected with ^pRSV/Sgal DNA and was not seen 
m five control hearts injected with, PBS/saline alone 
(data not shown). Failure to observe staining in two of 
nine of the pRSV/Sgal^injeaed hearts may have been 
due to the lack of DNA^uptakc or expression ihnhese 
heans or, more likely, to techhicalv/difficulties in, 
successfully cent ering^and andumiag/the neediS m the 
relatively thin beating left,ventrictilar wail during the 
injection process. s r^^^!'^ 

Because the normal ventricular wall contains both 
myocytes and fibroblasts and because the injecdon of 
DNA might be ejq)ected to cause a localized inflamma- 
tory response, it was imjfwnimt to determine which cell 
types were expressing the recomfainant ^ gaiar tosidase 
gene. Histochemical analysis of sections from hearts 
mjeaed with the pRSVflgal DNA cleariy demonstrated 
^galactosidase activity within cardiac myocvtes that 
were easily identified by their mvofibrillar architecture 
(Figures 2C and 2D). Between one and 10 positively • 
staimng myocytes were seen per high-power field, and 
these were often nohoontigiiousL suggesting that the 
uptake of DNA and/of its expression is a relative^ 
low-frequency event Because it was difficult to acai^ 
rately identify the exterit- of DNA injection and because ' 
the. positively staining areas were quite focal and ^ 
patchy, it was impossible to accurate^ quantitate either 
the percentage or the total number bf cells expressm 
recombinant ^galattosidase activitv in a given heart 
However, it is clear that onfy a small friction of carcliac 
myocytes expressed the redomlnnant pnjtcin. In addi- 
tion, it is worth noting that sectkms from the 3-5-day 
postinjection hearts often showed evidence of an aqite 

iganmiarory response, along the track of the needle 
(Figure 2C) and that in several cases fibrosis alone the 
needle track was observed in sections from the 3-4- 
week postinjection hearts (data not shown). 

Discussi n 

The studies presented hav demonstrated that it is 
possible to program recombinant gene expression in " 
cardiac myocytes after direct injection of DNA into 
the left ventricular wall. Funcu nal recombinant ^ 
protein expression in myocytes was demonstrated 



directly using an enzymatic assay for /3-galactosidase. 
Recombiiiant gene expression was observed in myo^ 
cytes frpni seve;n of nine pf tfie injected hearts at both 
3-5 daj-s and 3r4 weeks^-after injection. Expression 
was patchv and was dbseiyed^briiv in direct contiguin- 
with the site of injection. Th have several 

implicati6ns>regarding both the 'use of this method 
for somatic gene therapy, m and tiie biology 

of recpmbin^t DNA uptake in mus- 

• cle cells:>^;-- _ ■ V V : ' v 

. A: pfeSapus study suggested that murine skeletal 
muscle cells possess a umque abUity to take up and 
ejq}ress mjeaed VecomBm^ Our results*^ 

have extended this observation to cardiac muscle 
cells in a second rodent species. It has previoush 
been thought that succesisftil DNA transfection and 
expression may require recipient cell division and, 
D'Ot'e specifically, breakdown of the recipient cell 
nuclear^tnembrane to allow DNA entry. Because 
skeletal myocytes have, a linuted- potential for mito- 
sis,i5 it remained possible that the . previously re- 
ported suwssfui, tfansfection myocytes 
wassdepebdeni on their mitotic potential. In conoast 
to skeletal myocytes, adult ceUs are 

unable to divide:»6 Thiis, oiir resjults d^^ thai 
mitosis is not necessary for sucxessful tra^ o; 
ccUs with DN AT TTie inec^^ allow prefer- 

ential uptake of DNA into cardiac and skeletal 
myocytes remain unclear. However, our data suggest 
that they must be dependent on structural or func- 
tional properties that are shared by skeletal and 
cardiac muscle. Current hypotheses include the pos- 
sibility of specialized muscle cell transport systems or 
the unique ability to physically disrupt the cell mem- 
branes of muscle cells in a reversible fashion durihr 
the recombinant DNA injections. 

The technique of somatic gene therapy using direct 
DNA injection into myocardium, as described in this 
report, has several advantages compared with other 
previously described' methods of gene therapy. First, 
infeaious viral vectors are hot required, eliminating 
the possibility of persistent infection of the host 
Second, a previous study** has suggested that recom- 
binant DNA taken up and expressed in skeletal 
myocytes persists as an episome and therefore doe? 
not have the same potential for host cell mutagencsi: 
as do retroviral vectors that integrate into the host 
chromosome. Finally, this method does not require 
the growth of recipient cells in vitro, a requirement 
that would render transfectibri of nondividing cardiac 
myocytes particularly difficult 

Direa injection of recombinant DNA into the 
myocardium holds promise for the treatment of many 
acquired and inherited cardiovascular diseases. We 
are particularly interested in the possibility of stim- 
ulating collateral circulatibn in areas of chronic myr 
cardial ischemia by expressing recombinant angio- 
genesis factors locally in the ventricular walll 
Although the method described in this report is a 
first step toward such gene therapy approaches, inany 
questions and problems remain to be addressed 
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before this type of gene therapy can become a reality. 
First, it must be demonstrated that human myocytes, 
like their rodent counterparts, are able to taJce up 
and express recombinant DNA. The longevity of 
recombinant gene expression must be more fully 
:amined. and the possibility that some of the recom- 
binant DNA is integrated into the host genome with 
the concomitant potential for mutagenesis must be 
ruled out. Modifications of the current transfection 
protocol must be developed to increase the frequency 
of recombinant gene expression in cardiac myocytes. 
Of equal importance, the inflammatory response to 
the injected DNA must be controlled to prevent the 
formation of arrhythmogenic foci. Finally, it will of 
interest to determine whether high-level recombi- 
mt gene expression can be programmed in vivo by 
.:e injection of expression vectors containing cardiac- 
specific transcriptional regulatory elements. Ongoing 
studies in our laboratory are designed to address 
these problems. Nevertheless, the initial studies de- 
scribed in this report suggest that somatic gene 
therapy in the heart may eventually become a useful 
therapeutic modality. 
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48STRACT 

?U$MJ^9SWh persisted and expressed luciferase for at least 
19 munths in mouse skeletal musde after intramuscular 
injection. Other injected piasmids also stably expressed long- 
term suggesting that any plasmid DNA could stably persist 
and express in muscle. Plasmid DNA was demonstrated by 
quantitative PCR in some of the muscle DNA samples for at 
least 19 months after injection. The methylation pattern of 
the plasmid DNA remained in its bacterial form indicating 
that the foreign DNA did not repUcate in the muscle cells, 
'^^^v .'ectroporation of total cellular DNA from injected 
nto bacteria indicated that the plasmid DNA was 
cxtrachromosomal. Chromosomal integration of plasmid 
D.N A was searched for by electroporating the ii^ected muscle 
DNA into bacteria after restriction engine digestion and 
ligation. No piasmids containing plasmid/chrbmospme 
Junctions were observed in over 1800 colonies examined. Lack 
of integration increases the theoretical safety of this gene 
transfer technique. LongHerm stability of plasmid DNA in 
muscle indicates that muscle is an attractive tiuq^et tissue for 
< he introduction of extrachromosbmal plasmid or viral DNA 
The purpose of gene therapy. 

INTRODUCTION 

Previous studies demonstrated the ability of intramuscularly 
injected plasmid DNA to express exogenous genes in botfi skeletal 
' 1) and cardiac muscle (2, 3, 4). Ex^rosion of the plasmid genes 
was localized to the skeletal n^^ofibers or the cardiac muscle ceils 
' 1). The mechanism of plasmid uptake by the muscle ceils is not 
ret certain but may be due to an active uptake process by the 
• "cremiated muscle cells diat is not depemleni on injury to the 
risers (2, 5, J.Wolff, in preparation). It appeared that 
expression was stable in moiise skeletal muscle for at least two 
months ( 1), It was not clear from die previous study whedier 
^•'^pr^ion wouU continue for longer periods. The present study 
examined whether expression in mouse skeletal muscle coiuinued 
for the remaining lifetime of the mouse, approximately one and 
^ half years. 

The persistence of plasmid expression in skeletal muscle for 
least two mondis was unexpected. Plasmid expression is 

■ansient after transfection into cultured fibroblasts (6). . The 
"istent expression in muscle was most likely due to persisicence 

' cne plasmid DNA. Expression was unstable when artificial 
^HN A was injected into muscle, suggesting diat stable expression 



after plasmid injection: was not due to pcrsistbnce of the in vivo 
transcript or protein. Southern blot analysis indicated that plasmid 
DNA in the muscle, one month after injection, was in an 
-unintegrated; circular form that had not replicated (1). In die 
present snidy, the amount of injected plasmid DNA in muscle 
arid its methylation pattern were determined over longer time 
periods using die more sensitive technique of quantitative PCR. 

A small percentage of die DNA could have integrated without 
being detected on die Soudiem blots (1)» given die smaU amount 
of plasmid DNA in die muscles. In die presem smdy a more 
sensitive approach was employed to detect integration of die 
injected plasmid into the muscle chromosomes, which involved 
the bacterial cloning of plasmid DNA exnacted from injected 
muscle. Integration of plasmid DNA into muscle chromosomal 
DNA \yas searched for because it could cause deleterious effects. 

RESULTS 

Reporter gene expression in musde over time 
One hundred fig of undigested, covalendy closed circular (GCC), 
pRSVL plasmid DNA (7) were injected into quadricep (rectus 
femoris) muscles of six to ten week old mice. Luciferase activity 
was measured in six to twelve muscles at varying times until die 
study was stopped at one and a half years after injection when 
some of die older mice began to die (Figure lA). Substantial 
levels of luciferase were still presem for at least one and a half 
years after injecticxi. The differences between the mean values 
at the various time-points greater dian 60 days were not 
statistically significant. These results indicate that luciferase 
expression persisted essentially for die lifetime of die mice. 

Stability of expression was followed after injection of linear 
pRSVL (Figure IB). CCC pRSVL was made linear by digestion 
widi BamHI which cuts it once 3' to die SV40 polyA addition 
signal (7). After transfection of the BamHiKligested pRSVL into 
3T3 cells using Lipofectin (BRL), luciferase activity was one half 
of diei level obtained after transfection using CCC pRSVL (data 
not shown). However, after injection of 100 Mg of linear pRSVL 
into n;ouse quadriceps, die mean luciferase levels were 
approximately ten to twenty times less than the luciferase levels 
after injection of CCC PRSVL (Rgurc IB). Nonedieless, 
luciferase activity still persisted for at least 120 days. 

The pRSVCat plasmid (9), which expresses chloramphenicol 
aoetyltransferase (CAT) from die RSV promoter, was used to 
determine if staUe expression also occurs with another reporter 
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gene. Substantial levels of GAT activity were present in most 
of the muscles for at least four months/ indicaiing that stable 
expression can occur with another reporter gciie (Figure; 2). 

The pGMVLux plasmid was used for stability studies because 
it has several differences from the pRSVt piasmid siich as the ' 
T suppressor gene for bacteiial isdection and the immediate ^ 
cytonicgalovirus (CMV) promoter (10). After intramuscular 
injection of 100 ^g of pCMVLux, total mean luciferase afciivity 
was 0.47x10* L.U. (± 0.22x10*, n = 6) at 105. days and 
1.04x10* (± 0.37x10*. n = 8) at 180 days. These results 
indicate thit luciferase expression persisted after inje<ition of 
pGMVLux. 

Stability f luciferase expression in dividing and non-dividing 
fibroblasts 

In order to determine whether the rate of cell division affects 
the stability of expression from plasmid DNA, pRSVL was 
transfectcd into Rati fibroblasts (Figure 3); Afteir transfectidn, 
the fibroblasts were split into one fractibn that Continued to divide 
as they were continually passed prior to confluency. The other 
ceil fracdon was significantly less mitotic since fibroblasts reached ' 
confluency and were n^ated with dexamethasone (1 1).^ In both 
the dividing and confluent cells, luciferase was maximal'at seven 
days post-transfection. Substantial luciferase activity wias still 
present in the confluent cells for at least 28 days post-transifection. 
but decreased to background levels by 21 days in the cells that 
were passed. After seven days post-transfection, the. percent 
decrease in total luciferase activity per day was approximately 
five percent in the uripassed cells and approximately fom' percent 
in the passed cells. These results indicate that the stability of 
expression after transient transfeaion was affected by the mitotic 
rate of the cells. 

Persistence f muscle plasmid DNA 

Total muscle DNA was prepared from thiiscles that were also 
assayed for luciferase. Quantitative PGR Was used to detenhihe 
the amount of pRSVL DNA that was present in the muscles at 



vaiying times afw injccdon (Figure 4). Southern blot analysis 
w^ not s^ to detea the pRSVL DNA at the longer 

time |x>ints. >^t 14 days after injection; ail of die six muscles 
contained more than i pg of pRSVL DNA/fig total DNA. 
OcfcasiqnaUy, umnjected muscle yielded a very faint.-bond as 
show^^ a coin^ (Figure 4. lane 7). At 60 days after 

' injeiction, four of tbe six pRSVL levels above 

backgipur^^^^^ 10, 11 and 12) while only one 

of die'irni^^ had more tfian 0.5 pg of pRSVL DNA/^g total 
dSa (Fl^re 4l lane 12). At 5.5 months and one year r 
injection, two of the six muscles for each time period contai;. J 
concentrations of pRSVL DNA above background (Figure 4.' 
lanes 17, 20, 24, and 26). For any of the times after injection, 
there was no correlation between the amount of luciferase and 
pRSVL DNA in each muscle. These results dcmonsnratc that 
plasinid DNA can persist in muscle long-term. 

Methylation status-of muscle plasmid DNA 

In order to determine whether.the plasmid DNA replicated or 
was rqxaired while in the rhuscle long-term, the muscle D^A 
! preparations were digested .with BamHI and then Dpnl; M I. 
or Sau3A prior to performing the quantitative PGR anaiysi> 
(Figure '5). Plasmid DNA from baaeria contain a methylated 
adenosine widiin die GATC recognition site for Dpnl, Mbol. 
or SaumA. Mbol cleaves the site less efficiently if the A i> 
rnethylated: Dpni cleaves die site less efficienUy if the A is not 
nnediyliBited; . and SauIIIA cli^ves it efficiendy regardless of 
niethylaJtibn. If the plasmid DNA replicates in mammalian cells, 
then die bacterial methylatipn pattern is lost. All DNA sample> 
>m digested with BamHI because PGR amplification wtdi linear 
plasmid yielded more product th^ circular, undigested pla id 
(data not shown). The procedure was first evaluated l. i$ 
uiiinjected. muscle DNA spiked with 0.5 pg of plasmid pRSVL 
DI^A/Ag total DNA as a control for non-replication of the injected 
plttsmid DNA. As expected, an amplified fragrnem only appeared 
in 'trie samples digested with BamHI alone or widi Mbol 
(Figure 5, unint. pRSVL). No amplified fragments were evident 
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' the samples were digested with Dpnl or SauIIIA prior to PCR 
Mnce there are four GATC restriction sites between the primers! 
iJNA from fibroblasts containing stably imegraied pRSVL served 
a control for pRSVL DNA that had replicated in mammaiian 
a-lls (Fipre 5, int. pRSVL). Aini>lified fngjnents were present 
v"f.!!f"Sr ^I'Seso^l with Dpnl but na .in those digested with 
Mbol. These resiilts with the control DNA samples confirm the 
'•^""ty tor this procedure to detect pRSVL DNA replication in 

■-^nsiian ceUs... . ■•; 

•'ur !,unples of total muscle DNA obtained 12 or 19 months 
"tcr injecuon were subjected to the above procedure (Figure 5) 
'n alltour muscle DNA samples, pRSVL DNA was ampiifieii 
aner Dpnl digestion but not after Mbol digestion. Both the contiDl 
'fw experimental samples sometimes contaiml less iniaa pRSVL 
'^i^ A when digested with BamHI and Mbol than when digested 
• «n BamHI alone because GATC sequences with the A 
nctnylated (bacterial pattern) are only paniaUy resistant to Mbol 
•J'gestion. These results indicau that the bacterial methylation 

'"cm of the injected pRS VL DNA did not change after it was 
'Stained in muscle for at least 19 months. 

' ■mroporation of undigested muscle DNA 
KIcaroporaiion was used to done die plasmid DNA in muscle 
^.miT""* »™e8ranon state. Becooponuion of control DNA 
umpies was peribmied to determine whedier diis approach could 
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F^ure 3. Total, mean luciferase activity (L.U.) in pRSVL-tramfected Rati 
fibroblast! ^ontluent or. mitotic. The total mean lucifereie values repicMmtthe 
mean of total acuvities in four pliaies. Staiidiinl erren were less than 30%. 

"i^H^ P"n»se (Table IA).Electropbration efficiencies 
''Li- iS^-^'f^** P*^ "8 °f P"" CCC plasmid DNA Were 
obeunol 80% of the time. When pRSVL plasmid DNA was 
^tetropor^ widi 1.0 ^g of total musde or fibroblast DNA. 
similar eieorpporatioa effidencieis were obtained (Table'lA) 
^=#»8 ^ genomic DNA did not' affect dK plasinid 
. decttoporation efficiency. Total cellular DNA ftwn a?3T3 
Jbrpbtost clonp staMy amsfe^ served as a cdnobl 

for plasmid integration. The done contained approximatdy '40 
pg of pRSVL DNA/Mg genomic DNA as determined by 
qinnotativePCR. EssentiaUy no ampidilin-rfesistaiit colonies weie 
obtaiiwd when 1.0 of this total ceUular DNA containing 
uaegraied pRSVL was electroporated into DHIOB bacaria (Table 
lA). .Similarly. DNA from G-418-resistant dones conaining ody 
pSVZ Neodid noc yidd any ampicillin-resistam bacterial cddnies 
after dectroporation. TTiese lesdts indicate diat integmed plasinid 
DNA cannot direcUy transform bacteria. - ;< 

Told cellMlar DNA from muscles injected two wedcs, five 
mondis, or .one year pieviwisly widj pRSVt were diiecdy 
dedropprated into DHIOB bacteria (Table IB): In die two week 
DNA samples, up to 200 ampidUin resistant coknies/M genomic 
DNA were, objained. |n the fiyp, mondi and one yor DNA 
sample?, 50 and 10, ampicillin . resistant .colonies/Mg genomic 
DN^, respectively, were obtained. Digesnon of die plasmids 
firan t|ie ampiciUinrresisiam colonies widi severd different 
restncuon emymes indicated that diese colonies contained the 
P*SyL plasmid. Less dian two ampicillin resistant cdooies/ug 
genoimp DNA w^re djtained widi DNA fhmi uniiijectBd. control 
niMscle. TTie ability of celldar DNA ftom pRSVL-injecad musde 
to ttansfbim bacteria widi pRSVL suggested duu die pRSVL was 
maiiitained exiradiromosoinally for at least one year. 

Addiiond elearoporations were performed to explore why 
approximatdy ten tiihes, fewer colonies were obtained after 
dectroporation f die pRSVL-injected musde samples dian 
expected from die quantitative PCR results (Table I). The 
presence of genomic DNA could not explain diis discinancy 

because die deqtPoporation effidency of controlv muide DNA 
spiked widi pRSVL was die same as die efficiency of pRSVL 
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alone (Table I). The eiecirpporation efficiency of linear pRSVL 
DNA alone was approximately lOO-times less than CCC pRSVL 
(Table lA). The electroporation efficiency of relaxed, circular 
pRSVL DNA alone was the same as CCC pRSVL (Table lA). 
The electroporation efficiency of nicked plasmid DNA was not 
determined. 

Electroporation of d^ested aiiid U^aited inuscAe DNA 
Further studies using bacterial electroporation were performed 
to determine if any of the injected plasmid DNA had.imegraied. 
Totel cellular DNA from fibroblasts stably transfecied >vidi 
pSy2Neo served as a posiuvc control for diesc experiments. 
When diis. cellular DNA was digested widi Bglli (which cleaves 
pSy2Neo once within the neomycin-rcsisiancc gene), ligated, 
and elcctroporatcd, ampiciliin-resisiant colonics were obtained. 
Most of the bacterial clones contained pSV2Neo unaltered in size 
when cut widi Bgin (Figure 6; lane 3). In the remaining one half 
to, ne fifth of the bacterial clones (depending bn the specific 
G-418-rKisiant fibroblast clone); the Bglll-digesied plasmid DNA 
was not f rht same size as Bgin-digesied pSV2NWi:Fipire 6, 
lanes 4 and 5): Transfected plasmid DNA; typicaUy inicgnites 
as , tandem repeats. Thc piasmids unialtered in size from pSy2Neb, 
were most likely derived from plasmids widiin tandem repeats. 
The piasmids altered in. size from pSV2Neb; were probably 
derived from, pSV2Nco at the junction between plasmid and 
chromosomal ^NA; ^ 
, F r die experimental snidies widi : intramuscular 
plasmids, die plasmid?pUC19 was used fdr tfiese studies to allow 
for 0-galactosidase screening in die elcwtniporated^ Loss 
of 5-galaaosidaseiexpression would indicate disruption of die 
Lac-Z. coding rregion^and a posisible integration event, total 
c^ular DNAifrom- two muscles irij"cct<ul one momh^revibusly 
widi pUC19 were used for mese electroporation studies. When 
d^ musde DNA!s w^ire electroi)orttcd widiout prior digestion, 
approximaieiy 5 % of die colonieis were white. The miisclc DNA 
was dien digested widi eidier PstI' or^BaniHI restriction CTzymw 
diai.cut pUC19 once widiin die Lac-Z gene. After U^bn ind 
electroporation, approximately 5% of 18(jO ampicillinrresis^^ 
colonies were white; Plasmid DNA was prci»red ftxmi 78 white 
colonies obtained ftt}m electroporation bf this muscle DNA 's 
eidier clectroporated suaight or digested arid ligated Restricd ri 
enzyme analysis and sequencing indicate diat some of die 
plasmids from die white colonies coiitairied an insert within th6 
PsU or BamHI site f pUC19, which probably arose during die 
ligation step and does not represent an integration event (data 
not shown). Odier plaids from die white "c lohies were 
contaminating plasmids diat were present in die laboratory. None 
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FJsure 5. Meihv lation status of pRSVL DNA in muscic at one vear and 19 month> 
aftcr injection. Agarose gel electrophoresis after PCR.ampiincatioo of J.O 
of cellular DNA digested with BamHI and Dpni <0l BamHI and MboKMt. 
BaniHI and SauJllA (S). or BanriHi alone (B)>Unim. rRSVL' imUaues PCR 
anyiification of 1 .Or^g of cellular DNA from coraroi/umnrafawi^ 
spiked w^ih 0.5 pg of pRSyL. whilc -im. pRSVL- indies PCR amplification 
!r!^^>8:?f ceilular pNA from .pRSVL-stablv transfected 3T3.ribroWMi»: a • 
indicates 0.7 >g of HihdIU-digcsted X DNA. Stds indicates the amplification i«i 
vaiymg amounis oi pRSVL^DNA 1 Mg of cpmrbl. muscle DNA. , - - 

of die piasmids were altered in size as were die recloned plasmiu.^ 
that, were obtained from' fibroblasts stablv transfected with 
pSV2Neo (Figure 6). The inabUity to find kny p\am\i> 
containing chromdsomal/pl^mid junctions iiidicates' diat' ^it' 
highly unlikely that die plasmid DNA in die muscle for one month 
had -integrated.- V : 

DISCUSSION 

These results demonstrate that expression ^from plasmid D A 
c^n persist in mouse muscle for at least 19 mondis. Ah inert, c 
in luciferase expression has bieen observed often from four to 
30 days after injection and may be due to eidier the slow cntr> 
of die piasmids into the nucleus or the delaved expression or 
intranuclear plasmid DNA. It is not known whether die' ihcrtajie 
in luciferase expression after 30 days is reproducible and it ma) 
just reflect the variable levels of expression. Long-term, stable 
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^^^^ '"'^ CAT reponer gene, 

• s we. Nonetheless, immunologic factors could prevent stable 
• noer expression f some foreign proteins, as occurs in 
-ac tissue (10, 12). * f . « occurs m 

c;i.n,L-'*^ °^ plasmid DNA was demonstrated by 
.-ant.ttt.ve POl in some of the muscle DNA samples for at le^ 

^..rrSf^u!^ "jf^^"- ^ sample, there was n 
.nw^nf ? ^ activity and the 

'"^nt ot PRSVL plasmid DNA. The lack of correiion wbs 
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probably due to variabUity of DNA extraction. Variable extraction 
of luciterase from muscle is less likely based on our previous 
data (5). In addition, a variable percentacebf the intramuscular 
plasmid DNA may be extranuclear or inoanuclear but 
ti^npnonally inaaive; This may also explain why the amount 
pf plasmid DNA decreased over dme while ludierase expression 
did not. Perhaps, die extranuclear or transcriptioiailv inactive 
plasmids .were lost over time, whereas die intranuclear and 
.r -,"?^"Paonally active, plasniids were m^^ 

The mediylation status of die injected plasmid DNA was 
aaessed by Dpnl and Mbol digestion and PGR ampUfication 
TTie baaenal mediylation pattern of die injected DNA was 
preserved for at least 19 mbmhs indicating tiiat die plasmid DNA 
did not replicate in muscle. These results are ih agreemem widi 
the previous Soudiem blot analysis using Oad and Mbol 
digestion ( 1 ). \yhich also suggested diat die injected plasmid DNA 
does not replicate in die muscle in \ivo. 

It is unlikely diat specific plasmid sequence are required for 
persistence of plasmid DNA. The pGMVLui and pUC19 are 
aitetanually differem from pRSVL, suggesting dm anv plasmid 
DNA qould stably, persist and express in musclei None of die 
plasmids studied to date havie a known chromosomal origin of 
replicanon. Aldiough diey may have occult origins of replication 
Pto^« containing known mammalian chromosoniil origins of 
rephcanon have ail required.transacting proteins and/or selection 
cations to be stably maintained extrachroiixMoaBily (13 14) 
Omie m die nucleus, it is possible diat plasrnid DNA is tr^ 
by die npn-dividmg ceU as chromosonial DNA. In addition it 
IS unlikely diat die nuclear DNases are specific for piasmid DNA 
or are sequence,, specific. Extrachromosomal ' DNA's exist 
nanirally in several types of mammalian cells and tissues (IS) 
TJe Itwer expression of injected, linear plasmid pRSVL was litost 
liWy due to exoiiudease digestion prior to its nudorooy Once 
within die nucleus, stable expression may have occohtd either 
because die DNA ;cireularized or die linear DNA was not 
aoppssible to nuclear exonuclease activity/ Anodier pouibility 
IS tiiat die minimal expression from injected, linear piasmid was 
du^,to residual GCC plasmid DNA. " 

Expression of plasmid DNA was unstable after tninfection 
m».rq)Ucanng fibroblasts. The loss of expression in die 
aroWasts was presumably due to loss of plasmid DNA eidier 
areu^ degradation of die transfected plasmid by DNues and/or 
toss.of die plasmid DNA when die ceU divides; Whn ibe nuclear 
Mbrane diaolves during mitosis, die plasmid DNA distributes 
anpM^out the ceU and is partitioned when die nudeamanbrane 
rprfonns. after mitosis. The greater stability of esinession in 
slowly-dividing, confluent fibroblasts suggests diat a decreased 
miotic rate increases ,die stability and expression of plasmid 
UNA. Correlating diese fibroblast findings to die mude results 
tbe ppst-mitotic state of die myofiber nuclei nay enable 
persistMce of die injected, plasmid DNA. 

Tlie stable expression of plasmids in muscle si«gests diat 
plasnaids should stably express in odier post-mitoac or slowly 
BMitic tisnies such as brain and liver. However, when fetalj rat 
brain cells . were transfected in vitro widi pRSVL planud DNA 
and tcansplanied back into adult rat brains, lucifense expression 
persisted m vtvp less dian two mondis (16). In ccnrast. when 
muscle cells were transfected in vitro with pRSVL and 
nhsplanted back into adult rat brains. ludfeiasB expression 
penisied tn wvo for at least two momhs (17). Plasmids transfected 
nno non-hepaiBctomized Uvcr via polylysine conju g aiesejiu i e s sed 
for less dun a few days (18). Most likely, loss of expression 
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in the liver and brain cells was due lo loss of the piasmid DNA. 
Although other factors may be causing the loss of the piasmid 
DNA in brain and liver tissue, piasmid DNA may persist in 
muscle cells na only because it is very slowly miiotic/but because 
the multinucleated nanire of myofibers isiconducive to piasmid 
stability. In summary,, the unique, long-term expresision of 
piasmid DNA in skeletal muscle may be due to' muscle's post- 
mitotic state as well as,other ussue-specific features.' * 

High efficiency transformation of bacteria by electroporaiion 
was used to dc^prniw the intcgrarion state of the injected, plainid 
DNA. The ability; to obtain arapicillin-resisiant cdloniesl after 
the electroporatjon of total cellular DNA from pRSVL-injected 
muscle, indicate that, some/ of the piasmid DNA remained 
unintegraied for ai least one year (Table 1) . In contrast: ampidllin- 
resistant colonies were not obtained after the electroporation of 
stablyrintegraied plasmids. In the injected muscle DNA, it is 
unclear why tcn-fold fewer colonies were obtained than expected 
from the amount of pRSVL DNA present per quantitative PCR, 
This was eyidcm even in cellular DNA from muicle injected two 
weeks previously with pRSVL. On Southern blot analysis the 
. .majority ofthc pRSVL DNA in thetmuscle two weeks 'after 
;mjccdon was ma relaxed, circular form (data hot shown). Non- 
mcked, relaxed, circular pRSYL prepared by topoisomerase I 
reacnon had the same electroporation efficiency as CCC pRSVL. 
Possibly, the piasmid DNA in the muscle was present not only 
relaxed and circular, but nicked also. Nicked, piasmid DNA may 
be ciectroporaaed less efficiently ^^^t^ 
Attempts to determine whether the muscle, piasmid DNA was 
nicked were inconclusive. One such approach involved PCR 
amplification preceded by treatment with exonuclease HI which 
digests nicked DNA and exonuclease I which does, not. In 
siimmary, tfae^abiUty to obtain ampiciliin-resistant cblomes from 
muscles injeqed with piasmid DNA provided evidence in addition 
to the.previous Southern blot analysis (1) that the injected, piasmid 
PNA. persisted in an unintegraied form. ■ * 

Junqdons between chromosomal and plasniid DNA that would 
indicate integration were searched for by eicctroporating mjec^ 
muscle. DNA that was cut and re-ligated. Over 1800'plasmids 
derived from the muscle DNA were screened for loss of /3- 
galaciosidase activity which would indicate a possible integration 
event. Approximately five percent of the plasmids were either 
contaminating plasmids that were present in the laboratory or 
pUC19 with a genomic DNA insert. None of the plasmids in 
white colonies represented integration events as was observed 
in plasmids derived from fibroblasts subly-integrated with 
pSV2Neo. Another approach involving the PGR amplification 
of high molecular DNA was also used to search for integration 
events (data not shown); However, the frequent contamination 
of the high molecular DNA with unintegrated piasmid PNA 
prevented a definitive conclusion from being teihed. t^^ 
electroporation results suggest Uiat integration of plasitiid is 
unlikely. Piasmid DNA may not be able to integrate "into 
chromosomal DNA in post-miiotic myofibers jusr as retroviral, 
adenoviral, or herpes rONA. does not effibientiy iritegrate into 
chromosonud DNA.ofpost-mitotic cells (19, 20)/The1atk of 
any integration increases the safety of piasmid geiie transfer iiiio 
human muscle by avoiding any potential deleterious effects of 
chromosomal integration. ^ 

Stable in ww expression of ex genous genes has also been 
observed longHcrm after die transplantation of reirovirally 
infeaed fibroblasts (21), hepatocyies (22) and bone rriarrow 
derived cells (23). However, other studies indicate unstable 



expression of retroviraily-transduced genes in cultured fibroblasts 
(24), transplanted fibroblasts (1 1), transplanted hepauxrytes (25^ 
26) and transplanted bone marrow derived cells (27^. Most likely 
the unstable expression of some retroviral vectors is due to an 
interaction between the specific regulatory sequences in the vector 
and the specific cellular milieu. In addition, flanking 
chromosomal sequences may contribute to die'unstable expression 
of the integrated, retrovirally transduced genes. If sq, then the; 
expression of non-intcgratid piasmid DNA may be less 
susceptible to suppression. 

The unprecedented abUity of piasmid DNA to stably express 
foreign genes in muscle for the lifetime of a mouse has important 
implications for gene therapy. Iniramusculariy injected piasmid 
DNA wais also st^ly expressed in non^human primate musck 
for at least four months (28). Modifications of the naked plasmiu 
DNA approach and other methods of gene n^fcr are under 
investigation because the levels of expression achieved to date 
witii the naked piasmid DNA approach may not be sufficient for 
human gene therapy (28). The stable expression of circular and 
linear, piasmid DNA suggests that foreign DNA introduced into 
myofibers by other means such as by pairicie-acceleration (29. 
30) or by viral'irans<h^ also be stably maintained and : 

expressed. The very long-term stabUity of piasmid DNA in 
muscle indicates that muscle is an attractive target tissue for thi 
introduaion of extrachromosomal plasrrud or viral DNA for tlu 
purpose of gene therapy. P^iiscle is an important target tissue 
not orily for intrinsic muscle diseases such as Duchenne muscular 
dystrophy (10) but also for die heterologous expression of proteins 
that can immunize, be secreted in the blood, or clear a drcuiating 
toxic metabolite. 

MATERIALS AND MEIJIppS^^^ 
Muscle studies , '■vf:J^'''' ''VV^ ' 

CovalcnUy ciosed. cireuiiuriCCGQ. piasmid DNA was prepared by staixL J 
mahods involving aikaliiw Va»:^ (28). injecuons 

of the piasmid DNA iiiU) mouse iji^^ muscle wcie dm as prevkusty reponed 
(5). At varying umes after injectiahs.,thb efinriTquadric^ muscles were excised 
and ground under liquid N;. ApjTOxiiraiei^^^ ground muscle, was 

iransfcmcd into a tared 1 .5rml tube that was then weighed. Two hundred fil of 
lysis solution ( 100 mM pouusium ptMsphate (pM 7.8), 1 mM DL*dithtochrcitol. 
and 0. 1 ^ TritionX- 1001 wire added to the tubes and 20 n\ of the supernatant 
were assayed for lucifcr« m prrviously,]^^ a Monolight 2010 
insirumem (ALL) (I j. Uicifentse activity was preseh total relative light 

units in each muscle. In the muscles injected with 100 fi$ of pRSVCAT, 20 al 
of the total 200 tt\ muscle exiraa were assayed for chlorvnpheni.-. l 
acetyltransferasc (CAT). CAT activities were assayed using a one hour reaa i 
liinc.at 37'C (6). Purified CAT enzyme (Sigiria) was used as a standard. 

Total cellular DNA was prepared from the remairiihg ground muscle fraaion 
(31). The amount of pRSVL DNA was detmiirttd by quantitative PCR a> 
previpusiy .ttiJoried ( 10). The hicifeme^e seived as a teinplate. Prior to PCR. 
Or l rPg of an altered luciferase templatt. comainihg a deleted sequence berween 
the primers, was added. This altered template generated a 3 1 7-bp fragment that 
served as an internal standard. 

FibrobUst studies 

Three million rail fibroblasts(l9) were transfectcd with IS^gof pRSVL DNA 
using 45 of Upofectin (BRL) in a 100 mm dish (32). After oyemighi incutaaiitn. 
the transfected cells iii thirteen plates were pooled together and then plated c 
twemy-^ix 100 nmi dishes, in duplicate. In one set of the twemV-sixdi^ \ 
cultures became confluera and were treued with 10-^ M deumediasonc to 
reduce cell division ( 19). At 2, 7. 14, and 28 days postHransfection. four of the 
twenty confluera plates were analyzed for luciferax acd^ 
In the other set of twenty-six dishes, six dishes were passed and three plates were 
analyzed for luciferase activity at 2. 7. 10. 14.and21 daysd. 8). TotalUiciferas* 
activities in relative light units were calculated for these passed cultures by takin; 
into account the diluuonal effect of spliaing the culnires. The hicifense acuvitie^ 
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-1 ihe paiiicd cultures were multiplied by the number ot plates thai would have 
■vcn generated if no cells were discarded when the cultures were passed. 
MiMiNC 3T3 fibroblasts stably integrated with various plasmids served as controls 
- the PCR and electroporation studies. Fibroblast clones containing pRSVL 
-lined. by transtecting 18.8 ^g ot" pRSVL and 0.2 ot pSV2Nco with 
Lipoteciin into one million 3T3 cells. After selection in 400 mg/ml of 
; clones were screened for luciferase activity, and the amount of pRSVL 
iJNA per ^g of cellular DNA was dctennined by PCR amplification of the 
jciferase gene. Fibroblast clones containing only pSV2Neo stably integrated were 
^iIn^larly obtained. 

Itacteriai electroporation studies 

DH Ib'B bactena (BRL) were prepared for electroporation as previously described 
A i[h two washing steps (8). DH lOB bacteria were used because they lack methvl- 
.Impendent restriction systems and can be efficiently transrbnned with ON A 
niainine a mammalian methylation pattern |33). They can also be efficiently 
— !ed with prokaryotic DNA. One ^g of cellular DNA was added to 20 
lacieria and eleccroporated using 2400 V and pulse time of - 5 msec, 
conditions allowed efficiencies of 10** to 10^ colonies per with pure 
• CC piusmid depending on the particular batch of bacteria prepared. Relaxed. 
:rcuiar plasmid was p re pare d by treatment with topoisomerase I (BRL) per 
-unuiacmrer s instructions. As previously described for the cloning jof flanking 
.hromosomai sequences in transgenic mice (33). total cellular DNA was digested 
it J single site outside of the sequences required for replication in bactena. re- 
: .^jted. and then electroporated into DHIOB bactena. Three ^g of total cellular 
DNA from pUC19-injected muscles were digested with 10 to 20 units of PstI 
r BamHI in 50 ^1 for 6 hrs at 37'C. After digestion, the enzyme was heat 
ijutivated at 65*^C for 10 min. The 50 tii solution containing 3.0 ^g of digested 
' N A *as brought up to 700 ft\ containing 1400 units of T4 DNA ligase (NEB), 
^ris-HCI (pH 7.5). 10 mM MgCl.. 10 mM DTT, I mM ATP and 
. - j v/ml. After ligation overnight at 16 *C. the DNA was precipitated in 
nropanol and potassium acetate as previously described (8). The DNA pellet 
A x% taken up into 3.0 ^ of water aixi 1 .0 m1 was electroporated imo DH lOB cells. 
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Antisense inhibition of hypertension: A new strategy for renin-angio- 
tensin candidate genes. There are several ways of cxperimentaily studying 
thc. influcncc of candidate genes on hypertension. The approach proposed 
here IS antisense inhibition with antisense oligodeoxyiiuclcotidcs (AS- 
ODNs) constructed to the 5' region of known sequences of angiotensino- 
gen mRNA and angiotensin U type-1 receptor mRNA. The AS-ODNs 
were applied in vivo and in vitro. In vivo, direct injection of 50 ug of 
AS-ODN into the lateral ventricles of SHR reduced hypertension signif- 
^ '^^^^ "° AS-ODN i.c.v. in normotensive 

WKY rats. The phosphorothiated AS-ODN to the ATi receptor mRNA 
al^ produced a long-lasting decrease in blood pressure in SHR (7 days). 
After AS-ODN treatment ATj receptors were reduced in the PVN and 
antenor third ventricle area and Ang II leveU were reduced in the 
brainstem. The results show the in vivo feasibility of using antisense 
mhibition of renin-angiotensin mRNA to reduce hypertension. 



The renin-angiotensin system has components that appear to be 
candidate genes for hypertension [1]. There are several ways of 
experimentally tackling the problem of genetic control of hyper- 
tension. These include: breeding, studies with backcross breeding 
to show gene linkage between hypertension and candidate genes, 
trarisgenic techniques with the insertion of a candidate gene, and 
gene knockout These techniques arc currently being used and 
have advanuges anci disadvantages, in isolating linkage to hyper- 
tension. For example, Kimura et al [2] have shown that the 
angiptensinogen gene inserted in transgenic mice is associated 
with hjpertension, partijniiarly with the expression of the gene in 
brain tissue. Previous work indicated that brain angiotensin is an 
important factor in the hypertension of the genetic strain of 
spontaneously hypertensive rats (SHR) [3-6]. Cost and lack of 
experience have prevented us from undertaking genetic breeding 
studies to breed out hypertension and measures of brain RAS 
components. A more cost effective approach is to inhibit proteins 
with antisense oligonucleotides to specific gene expression [7], 
Recently we have begun applying this approach to inhibit the 
mRNA expression of angiotensinogen and ATj receptors by 
antisense inhibition. The antisense approach is based, on observa- 
tions that bacteria can regulate gene replication and transcription 
by producing small complementary aritisense RNA molecules. 
Many reports have foUowed describing the down-regulation of 
translation in vitro of yaripus oncogenes by both DNA and RNA 
antisense techniques [7], Antisense has the advantage of being as 
specific as a genetic approach, and yet as available as a pharma- 
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cological approach. We have recenUy. demonstrated that in mo 
delivery of antisense oligodeoxynucleotides (AS-ODN) to com- 
ponents of the renin-angiotensin system in the brain can signifi- 
cantly reduce high blood pressure in the SHR (8). 

Antisense ODNs are constructed to the base sequence 6? the 5' 
coding region of the known sequence of candidate gene mole- 
cules. The initial constructs were phosphodiester linked ODNs, 
These were effective eveii though they were unmodified. Phos- 
phorothioated ODNs were also produced as they are considered 
to be more stable because of the modified phosphate groups in the 
backbone of the molecule and have longer-lasting effects than the 
unmodified antisense. 

Methods 

Adult male SHR and WKY rats (250 to 300 g) supplied by 
Harian, Inc. were cannulated in the right brain ventricle with a 23 
gauge stainless steel cannula. Five days after surgery the rats were 
catheterized in the left common carotid artery. All experimental 
procedures were approved by the University of Florida Animal 
Welfare Committee. 

Antisense and scrambled ODNs were constructed to target the 
angiotensinogen gene [9] (antisense: 5'-CCGTGGGAGtCAT- 
CACGG-3'. sense: 5'-CCGTGATGACrCCCACGG-3', scram- 
bled: 5'-CAGGGATGTCTGGCGGAC-3'.) The AS sequence 
targeted to the AT^ receptor mRNA [10] was: 5'-TAACTGTG- 
GCTGCAA-3'. The sense sequence was: 5'-TGGCAGGCA- 
CAGTTA-3'. 

Groups of six rats received three i.c.v. injections at 12 hour 
intervals with 50 /ig of angiotensinogeii AS, S, or SC ODN or a 
vehicle of 5 m1 isotonic saline. S)^tolic blood pressure was 
measured either via the catheter or in longer term e3q)eriments by 
tailcuff blood pressure measuriement 

.Northern blots of angiotensinogen mRNA were analyzed in 
SHR and WKY after ODN treatment. Tissue RNA was extracted 
by the method of Chomczynsky and Sacchi [H]. Tissue samples 
from chronically treated rats were taken two hours after final 
treatment. . * 

Kidney and brain tissue and plasma samples were obtained two 
hours after final ODN injection. The samples were, frozen and 
stored for later extraction and radioimmunoassay procedures [12]. 

T measiire the effect of AS-ODN targeted to the ATj receptor 
mRNA, autoradiography was carried out on frozen sections cut at 
20 )im thickness at -20^0, The section? were incubated with 500 
pN! I-Sar-Ile-Ang II for two hours in the presence of absence of 
1 Mm Ang II. Sections were washed in 10 nw4 sodium biphosphate 
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Fig, 1, .C/uwge in systolic blood pressure (SBP) in chronicaiiy treated SHR 
and WKY rats, Intraccrebroventricular administration of three doses of 50 
(10 Mg/^i) angioiensinogcn antisense (AS), sense (S), scrambled (Sc) 
ODN or 5 ^il isotonic saline (C). Systolic blood pressure was reduced from 
baseline levels in SHR*s treated with AS-ODN 35.5 ± 6.2 mm Hg, N - 6, 



buffer and dried. Autoradiograms were generated by apposition of 
slide mounted tissues with x-ray film (Hypcrfilm-^H. Amersham) 
for three! days. Densitometric analysis was carried out with Image 
Systems (MCID Ml software). 

All values >yere expressed as means ± sem. Statistical analysis 
was performed by ANOVA with Duncan multiple range test for 
individual comparisons. 

' < Results 

A highly significant decrease in blood pressure was observed in 
the chronically treated SHR rats (Fig;. 1 A). Systolic blood pressure 
was reduced from baseline levels after AS-ODN treatment by 35.5 
t 6.2 mm Hg (A^ = 6. P < 0.01). The controls/ sense vehicle and 
scrambled, produced no sijgnificaht effect on the blood pressures. 
In the normotensive rat (WKY), AS, S and vehicle had no effect 
on the blood pressure (Fig, IB). The decrease in blood pressure 
began two hours after the first dose of 50 /ig (10 fig/^\) but the 
maximum effect was seen two hours after the last of the three 
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Fig. 2. Decrease in mean arterial pressure (MAP) in SHR 24 hours after 
Lev, injection of 50 antisense ODN>to the ATi_rec€ptormRNA, Symbols 
are: (□) pre-treatment; ( ) 24 hours. For blood pressure. measurements, 
the carotid artery was catheterized. Baseline blood pressure data was 
recorded one hour before injection. N = 6. control; N « 7, sense; « 7, 
antisense; *P < 0.01. 



doses given at 12 hour intervals. The treatment normalized the 
high blood pressure to levels belbW 150 mm Hg in SHR. 

The effect of the AS-ODN was to reduce Ang Il levcls in the 
brainstem, compared to control groups of S, Sc and saline treated 
SHR (59 ± 6.1 vs. 71 ± 6.4 pg/g tissue, P < 0.05, N = 6). No 
change in Ang II was observed in the kidney or in the plasma Ang 
II levels in SHR after treatment. 

The effect of AS inhibition of the ATj receptor mRNA was a 
significant reduction' in blood pressure. Rats injected with the 
receptor AS-ODN (50 ftg in 5 /xl saline) received one dose. This 
resulted in a significant fall in mean arterial pressure of 27 ± 8 
mm Hg (P < 0.01) in 'SHR (Fig. 2). Neither control nor sense 
ODN produced a decrease in blood pressure. The reduced blood 
pressure lasted for seven days. Autoradiography shows a signifi- 
cant decrease in ^^I-Sar-Ile Arig II binding in the PVN and in the 
AV3V region, particularly the organum vasculosum of the lamina 
terminalis (OVLT). Northern blot analysis of mRNA for Ao 
showed no change in mRNA levels between AS and control 
treated groups or between SHR and WKY strains. 

Discussion 

The experiihents illustrate the viability of antisense inhibition in 
vivo for reduction of blood premre in genetically hypertensive 
rats. Both antisense to angioteminbge^^ mRNA and ; to AT, 
receptor mRNA were successfiil in reducing bloQd pre»iure [SJ. 
Reduction in blood pressure was correlated to an inhibition of 
Ang II synthesis and AT, receptor binding, respectively. Further 
experiments in our laboratory are being carried put on the effects 
of AS on angiotensinogen levels in brain, kidney and liver after 
angiotensinogen mRNA AS-ODN treatment and n receptor 
binding, in vitro. Physiological mechanisms associated with an 
overactWe brain angiotensin, are also inhibited by the AS-ODN. 
These include: Aiig II induced thirst and Ang II induced vaso- 
pressin releaise, ' " 

There arc several practical issues that have to be considered in 
order to use AS-ODNs efficiently. These include a method of 
delWery, the stability of the ODNs in tissue and their ability t be 
taken up across the plasma membrane and delivered to the 
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inRNA for binding. The mechanisms by which antisense ODNs 
mhibit gene expression and the site of action in the nucleus also 
'"•l^c^Vi? u", '"^«'*8«ion. In vitro studies in our laboratory 
with FITC labeled AS-ODN have demonsuated the uptake of S 
SEL'A^^nT""* i°tr>«ll"»ar location of the 

of DMA , ' V*"'*'*^ ^ ""^^ mincroscopy. For deliv. 
ciy of AS-DNA o tissues we are constructing a viral vector in a 
Sendw viral envelope. This method should integrate the AS-DNA 
mto the chromosome and produce long-lasting inhibition of the 
angiotcnsinogen gene or AT. receptor gene. Our present results 
do show thatjuffident ODN uptake occurs in vivo to provide 
inhibition of blood pressure which appean to be related to the 
inhibition of angiotensinogen gene or AT, receptor gene expres- 
sion The fact that AS treatment has no apparent effect on mw51 
level is consistent with the proposed mechanism of action of AS 
molecules bemg at the translational level. TTie experiments dem- 
onstrate the feasibility of antisense ODN application for treat- 
ment of hypertension and we are currently developing methods of 
vector delivery for long-term inhibition and prevention of hyper- 
tension. ' ^ 
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Specific inhibition of endogenous neuropeptide Y synthesis in arcuate 
nucleus by antisense ohgonucleotides suppresses feeding behavior 

and insjulin secretion 

Ald^aAkabayash■^aaesWahlestedt^^ 

, (Accepted 1 June 1993) 

Key ^ Neuropeptide Y, Antisense oligonucleotide; Arcuate nucleus: Paraventricular nucleus; Feeding beUr 

Sri^i^ -lei. is known to 

essential for the nonnal expression of these responses thrmLei^?,..,^. ^ ? adminBtration. To test the hypothesis that endogenous NPV is 
the synthesis of NI^ i„ ,he ARC and to fj^^ the iL^^^S^dtl*^^^ oligodeqxypudebtides (ODNs) w 71^ 

ZTT «*i ' °' NPY antisense ODNs. senwODNs" r saUne h^Hl ARC VJ! iTv'"""' ^"'J.*"* "'lateral 

decline (-33% relative to sense ODNs and -40% rela We ^^Va^pS^stViy^S?w ^"^"^ « "8"'fi«nt 

TT^ hypothalamic areas, namely t^e lavenS^ 111?, h 'his nucleus, without causing any direct neural 

affected. In association with this reduction in ARC NPV TiJ .n?f . ! Preoptic nucleus, were not signiHcantW 

mej^ured during the first 90 min of .heTa?u;al^eeSn7^cli^^~^^^^ decrease in feeding'SiS 

intake were.suppressed by 65-70%. (/» < 0.05. relative (o toth siiUne andTnS oril'l^' . ^' '"'*'V»'- bpth carbohydrate and fat 

blood samples taken before, the initiation of deeding, were silJ^Srn. y JeSed^^^O ^Tr^ ^'^"'"""8 « 

groups)., while^ levcb of corticosterone./ aldosterone or glu«^ were u^^^^^^^^ ^ ° '.^T" '° «nse ODNs 

dmurtances that may result from an inhibition of endog/norNPYprS^^^^ PhV^iological 



INTRODUCTION 

Neuropeptide y (NPY), a meihber of the pancreatic 
pplypeptide family^,, is highly concentrated within the 
hypothalamus^!'". It is synthesized within neurons of 
the arcuate nucleus (ARC), which project to several 
other hypothalamic nuclei, including the pafaventricu- 
lar nucleus (PVN) which is particularly' dense with 
NPY terminals, this peptide exhibits bioactivity in 
multiple systems, at nanomolar concentrations, and is 
highly conserved across species*", reflecting its possible 
importance as a braiii rieuromodulatdr. This is sup- 
ported by a . variety of evidence linking NPY to physio- 
logical processes related to feeding behavior, endocrine 
systems and circadian rhythms"-^. 

The specific role for NPY in these processes ha^ 
been revealed by central iruection studies. These inves- 



tigations have shown NPY administration into the 
PVN or into the third ventricle' to stimulate food 
intake, as well as induce the release of the glucoregula- 
toiy hormones, corticosterorie (CORT)" *' and insulin': 
These phenomena appear to be closely interrelated, as 
demonstrated by the finding that the feeding stimula- 
tory effect of NPY, characterized by a specific prefer- 
ence for carbohydrate^, is dependent upon CORT^*, 
which has a primary function in replenishing carbohy- 
drate stores in the body. Their close relationship is also 
reflected by measurements of endogenous NPY levels 
in the ARC and PVN, which rise sharply at the begin- 
ning of the natural feeding cycle when there occurs a 
similar peak in circulating levels of CORT, as well as in 
appetite for carbohydrate These studies, in addi- 
tion to findings showing increased NPY synthesis to be 
activated during states of negative energy balance, in- 
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eluding food deprivation, obesity and diabetes^** 
indicate that NPY may contribute significantly to pro- 
cesses involved in maintaining or replenishing energy 
and nutrient stores, in particular, carbohydrate^^. 

A critical step in substantiating this hypothesis is the 
demonstration that alterations in endogenous NPY or 
its receptors result in significant changes in feeding 
behavior and hormone release. Such studies have been.; 
precluded by the limited availability of tools that effec- 
tively modulate peptide synthesis within the brain. 
While there are two reports which, demonstrated a 
reduction in food intake or carbohydrate ingestion 
after central injections .o.f an NPY. antise.rum^^, and 
NPY receptor antagonist^*, important studies directly 
manipulating endogenous NPY synthesis itself have yet 
to be conducted. 

The present investigation attempted this task by 
injecting antisense oligodeoxynucleotides (ODNs) to 
preproNPY mRNA directly into the ARC, where the 
hypothalamic NPY-synthesizing neurons are con- 
centrated**^*'. Antisense technology has been widely 
used to inactivate genes in vitro^;^^ ". However, only 
very recently has* an antisense. QDN been demon- 
strated to be a powerful tool for blocking peptide 
synthesis in vivo. This has been shown in two publica- 
tions, which have administered the ODN into either 
the cerebral ventricles-^ or the forebrain®. In the pre- 
sent report, the NPY ODNs injection was made into 
the ARC, which is believed to provide the major NPY 
projection involved in food ingestion^^*^^. Blockade of 
NPY production in this nucleus would be expected to 
cause a suppression of natural feeding and may also 
interfere with the secretion, of .pancreatic and adrenal 
hormones needed to metabolize the ingested food. 

MATERIALS AND METHODS^ 

Animals ' v , . - . 

Adult; male Sprague-Dawley rats'(>i "22), obtained from the 
Charles River laboratory, were used in these studies. The animals, 
weighing 350-375 g at ihe.start of the cxperiment^wcre individually; 
housed in stainless steel cagcs(43 cin x22 cmx 19 cm) in a tempera- 
ture-controlled room (22 ± rC) iilumihated on a 12:12 h Hght/dark 
schedule, with lights off at 15:30 h. / " 

Diets ■ ■" . ■ 

The animals were maintained pn a free-feeding, self-selection 
paradigm and were provided with separate sources of protein, carbo- 
hydrate and fat, to allow them to alter separately intake of each of 
these nutrients while maintaining proper growth^^. The protein diet 
(3.7 kcal/g) consisted of 93% casein (Bioserv) mixed with 4% miner- 
als (USP XIV Salt Mixture Briggs. ICN Pharmaceuticals). 2.97% 
vitamins (Vitamin Diet Fortification Mixture,' I.C.N. Pharmaceuti- 
cals), and 0.03% cysteine (t-cysteine-hydrochloride. ICN Pharmaceu- 
ticals). The carbohydrate diet (3.7 kcat/g) was composed of 28% 
dextrin, 28% com starch (I.CN. Pharmaceuticals), 37% sucrose 
(Domino) mixed with 4% minerals and 3% vitamins. The fat diet (7.7 
kcal/g) consisted of 86% lard (Armour) muced with 8% minerals and 



6% vitamins. These diets were placed in separate glass jars, at the 
front of the cage, with their placement changed daily io prevent 
position preferences. Water was available to the animals ad libitum, 
from a water pipe protruding through an opening at the back of the 
cage. 

Food intake measurements 

' The animals were maintained oh the 3 macronutrient diets prior 
to OdNs injection. Introduction of fresh diet and jar rotation was 
scheduled approximately 5 h before the onset of the nocturnal cycle 
' (16:00 and 11:00 h). to ensure minimal disturbance to the animals at 
the start of their active feeding period. Over the course of the 
experiment, measurements of 24*h nutrient intake, as well as con- 
sumption during the . first 90 min of the natural feeding cycle, were 
taken daily. Bb^y weight measurements were recorded weekly. 

^ ' Surgery ' 

Animals were allowed to adapt to the macronutrient diets 2 
weeks prior to cannulation. Rats were stereotaxically implanted, 
under Nembutal anesthesia, with chronic 26-gauge guide cannulae 
bilaterally aimed at the hypothalamic ARC. Stereotaxic coordinates 
used, with the incisor bar set 3.5 nun below interaural line, were: 6,4 
mm, anterior to interaural line; 0.2 mm* lateral to midline suture; and 
8.0 mm ventral to skull surface. The tip of the guide cannula ended 
approximately 1.5-2.0 mm dorsal to the ARC, to prevent excessive 
tissue damage to the area around the nucleus. The injector (33 
gauge) extended 1.5 mm below the tip of the guide cannulae to reach 
the dorsal surface of the ARC. An obturator, which was the same 
' length as the guidis cannula, was inserted when injections were not 
being given. One week prior to the onset of the injection period, the 
animals were adapted to the expierimental conditions by daily han- 
dling and niock injections. 



Microinjection of antisense ODNs 

Two 18-base antisense and^sense unmodified ODNs to rat pire- 
proNPY mRNA" were designed and synthesized. The first aiiliscnsc 
ODN corresponds to a sequence overiappihg the initiation c6don 
(5'-nT-GTT-AeC-TAG-CAT-CTG-3') and was microinjected in 
combination with another ODN. which corriesponds to athiho acids 
18-23 of the mature NPY peptide (5'-AGC-GGA-GTA-GTA-TCT- 
GGC-3'). The corresponding sense ODNs (5'-AAA-CAA-TGG- 
ATC-GTA-GAC-3' and 5'-TCG-CCT-CAT.CAT-AGA-CCG-3'), in 
addition to saline vehicle, were used as controls. 

The antisense ODNs' inhibition of translation (translation arrest) 
is thought to result froni interference with ribosomal activity (bloc- 
kade of message read-through), ribdnuclease H-mediated degrada- 
tion of itiRNA, or^both^'^^'^. The first sequence; designed to overiap' 
the, initiating; codon, was used to block, the: message read-througb. 
effectively, a inethod shown to be successful in 4 rewnt.study^^ The , 
second' antisense dDN's sequence, corresponding to the mature 
NPY peptide, was utilized to facilitate further possible inhibition' 
mechanisms specific, to NPY. We have done at complete 'homology 
search for tx}th sequences and have found nothing in the. database- 
for rodents (GENBANK) that would hybridize with the antisense 
sequences described^above. To facilitate uptake of ODNs by: cells, 
short lengths of 1 8 mers^ were ' used in , this . study. ; * 

These pairs of ODN probes, eiihcr the antisense or sense, were 
dissoWed togetSer in saline at a concentration of 125 ng/0j>l/ 
probe, or a total 250 ng for both probes/0.3 ^1* Dosage and length 
of injection period were determined .from cariier work*^ and from 
preliminary ' experiments conducted in this laboratory iisihg these 
antisense ODNs. Animals were injected manually over thie'coursie of 
approximately 1 min, with saline vehicle (n -6, 0J>l/sidc), sense 
(fi-7. 250 ng/side, 500 ng/rat/day) or antisensev (rt «9, 250 
ng/side, 500 hg/rat/day) ODNs given bilaterally. Ituectioiis, given 
daily between 9:30 and 11:30 am over a 4-day period, were made 
using a Hamilton 10 m1 syringe attached to a polyethylene tubing 
cottnected to the injector. Animals did not receive iiuections n the 
day of sacrifice (day 5); to minimize any'ldisturbances pri r t 
sacrifice. 
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Brcin microdissection 

On the 5lh day, the rats were rapidly sacrificed by decapitation at 
the onset of the^dark cycle (15:30 hX trunk blood was collected and 
their brains were quickly removed; frozen bri dry ice, and then stored 
at -80'C. Blood samples were also stored at' -SOT until away. 
Serial sections of 300 urn were cut, and the location of the injection 
site and any resulting damage was examined under a dissection 
microscope. Three fiypoihalamic areas, namely,. the ARC, PVN and 
medial preoptic. nucleus (POM), >vere then micropunched, using the 
technique of Palkovits et al.2' following the atlas of Paxinos and 
Watson . In all cases, these 3yreas received minimal damage from 
the implanted cannulas. The PVN was. chosen for investigation 
because of its knpwn involvement in nutrient intake and hormone 
sccretion*'^'-*^' while the POM was selected as a reference site 
distant from the ODNs injection. . Bilateral tissue samples were 
placed in 200 ^1 of 0.5 N cold acetic acid, boiled for 20 min and 
centrifuged, and the supernatant was then lyophilized and stored at 
-80'C until assayed for NfPY. The pellet was dissolved in 1.0 N 
NaOH, and the protein content was measured according to the 
method of Lowiy^. 

A/Py radioimmunoassay . ■ ' i ,^ 

Neuropeptide Y-like immiinoreactivity in the microdissected tis- 
sues were measured by radioimmunoassay, as described previously* 
with minor modifications. Briefly, the assay buffer was a 0*05 M 
phosphate buffer pH 7.4, 0.1% sodium azide, 0,25%. bovine serum 
albumin. Porcine NPY (Peninsula, Belmont, CA) was used as stan- 
dard. Antiserum for NPY was generously supplied by Dr. MR 
Brown, University of California, San Diego. The antiserum (100 u\i 
at a final dilution of 1/240000, and the standards or reconstituted 
samples (200 mI in assay buffer) were preincubated for 24 h at 4*C 
Then 100 mI of tracer (»«I-NPY labeled with Bolton Hunter reagent! 
NEX222, Dupont Chemicals, Boston MA) was added and incubated 
for a further 24 h. The free and the antibody-bound NPY was 
m^^'^'f^ ^2.5%) and dextran-70 

(U25%) solution. Bound fraction was measured in a gamma counter 
Tliejinal dilution of antibody was chosen to achieve a, total binding 
of I-NPY of 40-45%. The assay sensitivity was 10 pg/tube, and 
the decrease of 50% of the bound activity was obtained for 50 
pg/tube. The non-specific binding for the assay buffer was less than 
9.0%, and intra- and intcrassay coefficients of variation were 5 0% 
and 9,4%, respectively. 

Hormone radioimmunoassays 

Serum CORT and insulin were measured according to the meth- 
ods of Krey ct al.>' and Herbert et al.'*, respectively. Serum aldos- 

i^iS^/W ^^^^ commercially available 

KIT (TKAL2, Diagnostic Products Corporation. Los Angeles, CA) 
Scruin glucose levels were analyzed, with a Beckman Glucose Ana- 
lyzer no. 2. \ , 

Statistics 

The behavioral data reflect an average of measuremfen is recorded 
for days 2-4 of the 4.day injection sequence. (The scores of 2 rats 
with highly variable 24.h intake measures were omitted from the 
average). Statistical analyses of saline vs. antiscnse/sense data were 
analyzed via one-way analysis of variance =(ANOVA), while post hoc 
comparisons between individual means were made using Duncan's 
new multiple range test. 

RESULTS 

Examination of the bilateral injection sites for the 
NPY antisense and sense ODNs or saline showed that, 
in the 22 rats examined in this study, the tip of the 
injection was located along the dorsolateral border of 
the ARC, as illustrated by representative animals in 
Fig. 1, and there was no apparent damage to the 
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Fig. 1. Representative frontal diagram of the rat brain based on the 
atlas of Paxinos and Watson-^", illustrating central injection sites. 
ARQ arcuate nucleus; VMH, ventromedial hypothalamic nucleus; F, 
fornix; DMD, dorsomedial hypothalamic nucleus; 3V, third ventricle. 



nucleus itself. Based on evidence mapping the spread 
within the hypothalamus of »^I-NPY, administered in 
a similar volume of 0.3 fxP^ the ODNs would be 
expected to spread through most of the nucleus, in- 
cluding its most ventral extent which lies < 1.0 mm 
frdm the tip of the injector. 

The results of the analyses of the NPY levels in the 
ARC, where the NPY ceir bodies are concentrated, 
and in the PVN and POM, which contain primarily 
NPY terminals, are presented in Fig, 2, One-way 
ANOVA showed a significant change in NPY only in 
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" PVN POM 
Broin Areos ^- 
Fig. 2. Levels of NPV (ng/mg protein) in hypothalamic nuclei of rats 
after saline, sense or antisense oligodcoxynucleotides injections. * P 
< 0.05, relative to saline control and sense control by Duncan's new 
multiple range test. ARC arcuate nucleus; PVN. paraventricular 
nucleus; POM, medial preoptic nucleus. 
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Fig. 3. Effect of saline, sense' or; antisense oligodeoxynucieotides 
treatment on l.5-h macrbnuirieni intake after dark onset. * P < 0.05, 
relative to saline and sense control by Duncan's new multiple range 

test. 

the ARC .(^2.19 ^ 8.87, P<Omi Comparisons , be- 
tween individual means showed that the baseline NPX: 
levels of 80 ng/mg protein in this nucleus, detected in 
these cannulated rats, after, saline in^ com- 
parable to those. measured, in intact. rats without brain 
cannulas^. Thus, the cannulatipn and injection proce- 
dures ha<J minimal impact on endogenous NPY pro- 
duction. Comparisons between the sense and saline 
injections also showed no significant difference, indi- 
cating that the sense ODNs had no effect on NPY 
synthesis (Fig. 2). However, the antisense ODNs were 
effective in reducing NPY production in the ARC. 
They caused a 409o reduction (P < 0.05) in NPY levels 
compared to the salinef control group and a 33% de- 
crease (F < 0.05) corrip^^^^ to the sense ODNs groujp. 
In contrast to the^i^RG; NPY levels imthe PVN and 
POM were not significantly rf^^ l>y?the NPY anti- 
sense ODNs, although ^theit/Ayas a tendency for the 
PVN to show a detline ( -:-27%) relative to saline 
injection, ^- ''rr^ ;/ *-:^';;!''"'' 

The behavioral changes asscfciated ^^^^^^ this decline 
of endogenous NPY iri^fhe ARC are ^shpwn in Fig. 3 
and Table I. Animals that Teceiyed biljateral injections 
of the antisense ODNs showed a significant reduction 
in total food intake during the initial, 90-min period of 
the natural feeding cycle ,Xf2;i9 = 9,45, F< 0.001; 
-65% relative to sense and -62% relative to saline, 
P < 0.05). This decline in> total caloric intake after NPY 
antisense ODNs was asispciated 'with a marked de- 
crease in carbohydrate intake (F2j9 = 3-84, P<0.05) 
and fat intake (Fjto = 4,06, P < 0.05), between 65 and 



TABLE I / 

Effect of saline, sense^ and antisense oligodeoxynucieotides administra* 
tion on 24 h nutrient intake ,(kcdl) 

Values givien are means ±S.E;M. ? : 





Saline 


• Sense 


• 'Antisense '■ 








• (nm9} . 


Protein 


. 24.0 ± 3.5 ' 
30,5+ 13.9. 


26.1±':4,6 


20.6 ±3.5 


Carbohydrate 


V23:2±n4.6' 


28.8 ±7.6 


Fat 


54.9 ±13.8 


^16.9;±12.7. 
..96.3 ±. 8.7 


28.2 ±5,2 


Total , , . 


n2.6± 3.3 


.77.'5±2.9* 



* P < 0.05 relative to saline and sense' 'control via Duncan's new 
multiple rangie test. , \ . ^ , t 



70% iP < 0.05) relative to both sense and saline con- 
trol values. There was no significant change in protein 
ingestion (f^av - 2.04, P > 0.10). / 

The measurements of 24-h intake, are presented in 
Table I ; The antisense ODNs produced a xlear de- . 
crease in total daily nutrient intake (f 5132, .'P < 
0.05), between 20% and 30% iP < 0,05) relative to the 
sense and saline control values, A siniilar examiriiation 
of the data for the individual nutrients, via ANOVA, ^ 
failed .to reveal any significant change, including, t he > 
49% decrease in 24-h fat intake (f 2,17 = 1.50, P > 0.10). 
Body weights of the 3, treatment groups were found to 
be similar, remaining relatively stable over the 5-day 
experimental period. 

The results obtained for the circulating hormones 
(Table II) demonstrated a significant change only in 
one hormone, namely, insulin, in association with the 
decrease in NPY levels of the ARC (F2,i9 = 4.74, P < 
0.05). While levels of CORT, ALDO and glucose re- 
mained stable after the sense or antisense ODNs injec- 
tions, circulating insulin, at normal levels (65-70 
fi\J/ml) in the two control groups, was significantly 
reduced (-56%, P<0.05 relative to saline control; 



TABLE II 

Serum hormone and. glucose levels after saline, sense and antisense 
oligodeoxynucleotide administration . ,v - * ^ r. . ». 

Values igiven are means ± S.E.M. ' ' \ . 





Saline 


Sense 


Antisense 




in '6) 


in ^7) 




Insulin 








(MU/ml) 


70.1 ± 13.0 


64.5 ± 11.2 


31,0 ± 5.8 


Corticosterohe 






15.1 ± 2.5 




U.7± 1.0 


15.5 ± 3.6 


Aldosterone. 








(pg/ml) 


249 ±107 


375 ±104 


321 ±99 


Glucose 






125 ± ^ 


(mg/dl) 


131 ± 5 . 


133 ± 9 



♦ P < 0.05 relative to saline and sense control via Duncan's new 



multiple range test. 
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^52%, P<0.05 relative to sense ODNs control 
groups) Jn the NPY antisense bDN-injected rats. 

DISCUSSION 

This study constitutes the first full report to show 
the effectiveriess' of antisehse ODNs in altering en- 
dogenous NPY levels in the brain, as well as in having 
significant consequences in relation to specific physio- 
logical ^nd behavioral processes. One of the iFirst inves- 
tigations wjth in vivo injections of an antisense ODN''^ 
examined an antisense ODN for the NPY Y, receptor 
after injections into the rat cerebral ventricles. This 
study demonstrated a significant reduction in cortical 
Y„ but not Yj, receptors; which was associated with a 
behavioral pattern of increased anxiety. Another re- 
port, using an antisense phosphorothioate ODN to 
c-fos mRNA, described a decrease in c-fos immunore- 
activity in the striatum^ and there are recent prelimi- 
nary studies which have investigated antisense ODNs 
to NPY mRNA'5, vasopressin^ or to 

estrogen/progesterone receptors2';28; the ; present re- 
port, which examined the antisense ODNs for NPY 
itself, administered the probes directly into the ARC, 
which accounts for at least 70% of the NPY innerva- 
tion within the hypothalamus*. The antisense ODNs, 
after 4 days of injection, were effective in causing a 
40% reduction in NPY levels within the ARC, in 
contrast to the NPY sense ODNs which had no appar- 
ent effect on NPY levels jejative. to saline. This result 
indicates that the antisense ODNs entered the ARC 
NPY-synthesizing neurons, presumably via receptor- 
mediated endocytosis^ ", and remained sufficiently sta- 
ble'^ to block NPY synthesis; 

The behavioral cbnsequences of this reduction, in 
peptide levels, in , the ARC -provide the first direct 
evidence that endoge^nous NPY, pnginating froih neu- 
rons in this nucleus, is .essential fdr the control of 
natural feeding patterns^. With this reduction in NPY 
levels of the ARC, the animals exhibited a' profound 
decrease in their nutrient intake ^at . the beginning of 
the natural feeding cycle, which was refiected in a 
smaller decline over the 24-h cycle. Neuropeptide y is 
believed to be most active at the onset of the nocturnal 
feeding cycle; when it is most effective in stirhulating 
carbohydrate intake*' and Wheii peak levels.; Jn the 
ARC, as well as the PVN, are detected'*. A . strong 
depression in carbohydrate ingestion ( -^65%) was. seen 
after ARC; injection of the antisense ODNs, consistent 
with a proposed role for endogenous. NPY in the 
control of carbohydrate intake during the initial meals 
of the feeding cycle". Fat ingestion was also depressed 
in these animals. Whereas hypothalamic injections of 



NPY invariably stimulate carbohydrate intake regard- 
less of baseline preferiences, this peptide may also 
potentiate fat ingestion in ;fait-preferring animals^*-"'. 
Together with the present results, this evidence! indi- 
cates that endogeihous; NPY may contribute to the 
ingestion of fat ih those animals with' strong prefer- 
ences for this nutrient. iSince protein iritak^ remained 
relatively stable'in these aninials, at the onset of ihe 
dark cycle as well as over the' 24.h period, the reduc- 
!"i carbohydrate and fat intake 'produced by the 
antisense ODNs does not appear to' refleci a general 
debilitation. 

A variety 6f evidence has indicted a primary role 
for the PVN, which is dense in NPY-containing termi- 
nals, in the control of nutrient intake. Local injection 
studies have shown this nucleus to be responsive to the 
stimulatory actions of NPY on cai-iibhydrate intake-^'', 
while biochemical studies havie cbnsistehtly shown pro- 
found changes in NPY levels of.the PVN, similar to the 
ARC, in' association with manipiulations of nutritional 
status^', as well as with 'natural preferences specifically 
for carbohydrate'^. In response to ARC injections of 
NPY antisense ODNs, the animals of the' present study, 
while exhibiting a clear decrease in NPY levek of 
ARC, showed a considerably smaller (insignificant) de- 
cline in peptide levels of the PVN, to which the ARC 
projects. This small change may reflect the fact that the 
PVN receives additional NPY projections frdih the 
lower brainstem^^ which would not have been affected 
by the antisense ODN injection. 

In addition to fcb'iitrolling carbohydl-ate intake, NPY 
innervation to the PVNlhas also beenamplicated*in the 
secretion of insulin from the pancreas'. Consistent with 
the evidence., that^ PVIJI injection qf. NPY stimulates 
circulating levels of this hormone, the results of the 
preseiit study revealed a dramatic decrease in insulin 
levels of animals with reduced NI^Y levels in the ARC 
after the antisense ODNs. Since the animals were 
sacrificed prior to ' the onset" of their natural feeding 
and as liiuch as 12 h since their :last mealv this reduc- 
tion in insulin ajjpears to be a direct consequence of 
the reduced NPY prodiictipn, rather than to any change 
in .their feeding pattern. This controlof insulin secre- 
tion by NPY may ocdir predominantly at the beginning 
of the natural feeding <7cle, whea peak hormone levels 
are detected? particularly in^response to-carbohydrate 
ingestibn*2 and also when NPY levels in the ARC and 
PVN are highest". 

A similar role for NPY in stimulating CORT secre- 
tion from the adrenal' glands has also been 
proposed"*', the antisense ODNs, however, failed to 
alter circulating levels of CORT, in contrast to insulin. 
Levels of ALDO and glucose were also unaltered. 
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Since the cell bodies synthesizing corticotropin-releas- 
ing factor in the PVN are very likely the site of NPY's 
endocrine action, the failure to reveal any change in 
CORT or ALDO release may be .attributed to the fact 
that NPY innervation to the PVN was only partially 
affected by ARC antisense ODN, injections, and may, in 
part/be controlled by brainstem proj^ 

In summary, this report provides exciting new evi- 
dence ior a method that can be .used to modulate 
endogenous neuropeptide synthesis within the brain, as 
well as to test the physiological actions of the neu- 
ropeptides. The results obtained with the use of these 
antisense probes argue strongly for a role of hypothala- 
mic NPY, originating from, neurons , in the ARC, in 
controlling nutrient intake during the initiaLperiods of 
the natural feeding cycle, as well as the secretion of 
insulin in response to this nutrient ingestion. 
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ABSTRACT We investigated tlie tlierapeutic potential of 
employing antisense oligodeoxynucleotides to target tlie dis. 
niption iaMYB, a gene wliicli lias been postulated to play a 
pat^ogen^c rol^in cutaneous melanoma. We found thatAnv 
was expressed at low levels in sevebl human melanoma cell 
Unes. Also, growth of representative lines in ratro was inhibited 
taji*dpse; and Mquencenlepaulent manner/by targeting the 
ms gene with unmodifled or phosphorothlMte-modifled an- 
l^ pUgodeoxynudwtidesi^^I^^ of «eU growth corre- 
lated with specific decrease of iWA mRNA. In SCID mice 
bearing human metenoma tumoh; inftuibn of me antisense 
transienUy suppressed MYB gene expiession but effected lone- 
tenn growth suppression of transplanted tumor cells. Toxicity 
of the oligodeoxynucleotides was ndnfanal hi mice, even when 
targeted to themurinei»f>* gene. These resulte suggest that the 
Afre genrmay play an important, though undefined, role hi 
tl«|rpwth of at least some human melanomas. InhiblUon of 
A/ra expression mig ht be of use in the treatment of this dbcase. 

Cutane us melanoma is a highly.malignant and increasingly 
comm n neoplasm (1). Because metastatic melanoma re- 
mams incumble, new treatment approaches at« needed. The 
abihty to selecuvely disrupt the function of genes involved in 
malignant ceU growth is an increasingly attracUve therapeutic 
*<™^»fr Technologies relevant to this purpose include ho- 
mologous recombinaUon. which actuaUy destroys the tar- 
l>JA frv'-^^k^rx* "^erse complementary (mtiscnse) 
RNA43), or DNA (4-6)-to inteifere with utilizatiori tof the 
S'f*'vu* The latter may be partictilariy well 

S ''""^ antisense oligodeoxy- 

nucleotides (ODNs) can be chemically synthesized and in- 
U'oduced dirwitly mtoceUs without the need for viral vectors 
noblems attendent to the use and manufacture of viral 

SZ^Sr^^^ eff«t of 

fhl«H«! expression, as opposed to permanent 

alteration of the genome, may be desirable under these 
circumstances. ^ . 

«)f* previously reported that phosphorothioate^modified 
antisense ODNs (antisense [SJODNS) targeted to the WW? 
P™J*!S"?ogene,controlled the growth of a human leiiicemia in 
a SCID mouse model (7). MYB encodes a.tnuiscriptionaUy 
Mtive nuclear binding protein, MYB, which plays an impor- 
fo? jJfS^ • ™lc in ceU proliferaUon (8) and differentiation 
W. MYB IS located on chromosome 6q22-23 in humans (10). 
HnnT melanomas also have structural aberra- 

uons. Altered wra expression has been implicated in the 
wffo*^" melanoma (11^14). Accordingly, we targeted 
we M YB gene in human inelah ma cells with antisense ODNs 
"^^If' 5*** *''°'08ic importance of its expression 
SnctioJ ***** therapeutic potential f disrupting its 

Republication costs of this article were defrayed in pan by pan dune 
Wyment. TWs article must tbeiefore be heteby muM"adve^eM«u" 
« Kcortance with 18 V.S.C. W34 »okfy to Se twfto? 
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mXERIAI^ AND METHODS - 
ODN^ Unmodified phosphodiester ODNs and fSlODNs 
Jynx Therapeutics, Hayward. CA) coniplementaS to SI 
MYB gene were syntiiesized as'reported (8; 15) 

Cell Culture and in Vitro ODN. Exposure. Melanoma 
f ft?^** the. American-Type CiUture Col- 
Ie9t,on XH^94T. A375, C32) or fromlDupiw Gu™S^(Cn - 
of .Pennsylvania School of Medicin^) (SKiMfiLs? 
WM3?) Cells were cultured.in 96-weU plat^^^ 
per well) to which ODNs (10.100 w5/ml) wer* add^ onSor 
on two orfiyc,9.onsecutiye days; Effects bii cell pix)liferation 
were deteiimincd by-.3.(4v5.dimethylthiaz6W-yl).?5. 
diphenyltetia?ohum?(MTT) assaVHCeUTiter 96 noh^ibac- 
tive ceU-proliferation assay, Promega) (16), nr*f^ 
' J^'^"^^' to«-week-old female eB-lT/AeRTAC/wW/ 

Z^Ti^^'^^T^ "^^^ Farms, Aiiimals with 
. elevated^; |gM, levels, as measured- by ELISA (17). wei« 
excluded from the study. ^ u/;, were 

and Admtois. 

tratlon of (SJODNs. Single<ell suspensions of Hs294T hunuin 
melanoma ccUs (2 x 10» in 0.2 ml of Dulbecco's' modSS 
Eagle s medium) were iiuected subcutanebuily in' the rMt 
^werxiorsaliTgipnof^ [SJODNs wert kdLiiteredby 
(S^*^^ ^ constant-inflision^i 
Evaliwtion of Tumor Growth In Mice; Tiimor weights in 

mentniw* A^ff diagonal mSure. 

n^ents (18), Actual tumor weights were obtaiiied at the time 
of sacrifice. Statistical significance of tumor weight differ- 
2*0^"" Mann-Whitriey non^raineti^c 

^RNAj^ Extraction and Reverse Transcriptlon-Pbiymenw 
Chain Reaction (RT.PCR). A/KB and ^-actin mwffSS 
scripts were detected by RT-PCR as described save that RT 
was pnmed with random hexamcrs (2 ng/pl) (19). The MYB 
ainphflcation primers corresponded to ihRNA nt 195-215 f5' 

detected witii a probe corresponding to nt 355^375. >Actin 
«Pre?sjon wjsdetected with 5' and 3' primers c6rm£nding 
to m 600-621 and.905.885, respectively; The ^acS Pdl 

Detection of Antisense (SJODN hi Tumor Tissue. Excised 
tumors were minced an* multiply washed. DNA was ,ex- 
^ ^'^^f^ metiiods; and 50 m was electrbphoresed 
m a 4% 1 w-melting agarose gel (FMC) and then transferred 

JSf ?^nll,'?*"'"'"*?^^" 3 M NaCl/0.3 M sodiumcitrate, 
PH.7. DNA was probed with a '^P-end-labeled 3f KB sense 
oligomer complementary t the antisenise DNA sequence'. 

rotluoate PDN; RT, reverse transcripUon. 

U^t^v^^'X^^'^'^'^ uld be addressed at: Room 23(Wohn 

Pennsylvania School of Medicine, 
36th Street and Hamilton Walk, Philadelphia, PA 19104. 
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RESULTS 

MYB Expression in Human Melanoma Cell Lines. Though 
the integrity of the A/ra iocus.on chromosome 6 has been 
scrutinized (11. 13, 14, 21), data concerning MYB expression 
in melanomas are sparse (22, 23). We therefore screened five 
human melanoma cell lines (Hs294T, SK-MEL-37, A375, 
C32, and WM39) for MYB mRN A by Northern analysis (19). 
Total RNA from each cell line (20 Mg) was' blotted to 
nitrocellulose and then probed with a ^^P-Jabeled human A/hB 
cDNA'(24). None of thelines gave a positive signal with' this 
technique. However, when a sensitive RT-PCR was em- 
ployed, MYB mRNA was unambiguously detected in all five 
ccU lines (dato not shown). Accordingly, MYB is most likely 
expressed in, some inelanoma ceU lm^^^ albeit at a low level. 
In accord with this finding, MYB protein levels were below 
detection iimits;in Western blot analysis of proteiih extracted 
from ^.x 105 SK-MEE-37 arid Hs294T ceUs (data not shown). 
Effect of Disrupting Afra Expression in Humaii''Melanoma 
Celb» .Tp determine the biological sigriificarice oif Jlow-levei 
¥?S ,?^Pr^ssi6n iny melanoma cells, we targeted the A/ 
message in SKtMEL-37 and Hs294TceUs with uhhiodified or 
phosphgrothioate antisense ODNs. Gbntrbl DNX sejiuences 
^^F; ^y^uated simultaneously to ensure tfiat 'any effects 
observe^ were sequence s^^^ In -Hs294T cells , for ex- 
ample* exposure Xo MYB sense sequences had no statistically 
significant eflfect on cell proliferation ih cbmparison to un- 
treated controls. Inicontrast. the A/mantiscrisc ON A inhib- 
ited ^owtfi in a dose-responsive manner up to ==60% (P < 
0.0pi;( of , control cell values (data not shown): Growth 
inhibition was acco^ of RT-PCR-detectablc 

Mj^B mW^ A,7 but not ^actin mRNA, suggesting that growth 
inhibition was secondary to pertubation olMYB expression. 

Visual examination .of the cultures revealed some clue 
regarding, the mechanism which appeared to 

vary with the cell line. For example, after exposure to MYB 
antisense, Hs294T cells appeared to undei^oxytolysis, sug- 
gesting that Af KB perturbation could be a lethal event in these 
cislls (Fig. lA), whereas SK-MEL07 ceUs appeared to un- 
deiTgo growth arrest with or without what appcarecl morpho- 
logically to reprcsent.differentiation toward a more mature 
phenotype (Fig,;lB).v. - . 

R^^tionship of 6DN Dose> Frequency of Exposure/ 
biUbitiop of CeU Growths also examined cell growth 
inhibition as a function of ODN concentration and frequency 
of exposure. When SK-MEL-37 ceUs were exposed to 
QR^^S' the mosvimportant factor for achieving growth ii^^ 
bition was initial exposure to high concehtrattoiis of ODN 
(Fig. 2), For example, no effect on cell growth was observed 
when the ODNs were added to cultures in divided doses of 
20 Mg/ml,per day for 2 days, or 10 /tg/ml per day for 5 days. 
In contrast, when cells were exposed to a single bolus of 56 
/ig/ml, cell growth was inhibited '=«25% in cbmparison to 
untreated controls.;This relationship was even more apparent 
ar higher doses. A single total ODN dose of lOO /ig/ml 
irihibitcd growth much more significantly than the same totkl 
dose delivered in divided doses of 20 fig/ml per day fori days 
(Fig. M). Even at doses up to 250 jug/ml, v50>tg/ml per'day 
for 5 days was not as effective as atotal of 200 Mg/ml given 
as 100 Jig/ml per day for 2 days (50% vs. 70% inhibition, 
respectiy^Iy). - 

T ;d^imw these results were influenced by 

possible degradation of unmodified ODN, we carried out 
similar experiments with Hs294T ceUs exposed to the more 
stable [SJODN. A similar but less strict relati nship between 
extraccUular jcoftwntration and inhibition of cell growth was 
again observed (Fig. IB), That is, initial high c nccntrations 
were more effective than equivalent final concentrations built 
up by cumulative lower doses. Accordingly, \x appears' that 
for either type of comp und, suflRcient cellular uptake t 




Fig, 1. , Photomicrographs of Hs294T and SK-MEL-37 human 
mclanpm§ .cclls. incubaicd with A/ra ODNs (100 Mg/ml pcrdavrfor 
incubated with sense (7) or intiscnsc.(2) 
KISP^? "^^^^^^^^ ODNs (i); {B) SK-MEL-37 ccUs uuSbatcd with 
^y^^W^1)9^^ (5) ODNs without ueatmcht (6), r with 

the diffcrcntiaiion-inducing.agcnt mitomycin C (50 ng/ml per day for 
5days)(7), Note the thorphologic similarity ofccUs in 5 and 7, Under 
each culture condition cells display a flattened, stellate fl^peaiance, 
multiplcj dendrites; and increased numbers of pigment granule, all 
characteristics which suggest that the ^i^lls have underabne diflfcr- 
entiation (25). - - v ?r * 

S"- ' 

inhibit the target gene is achieved only by'initiai exposure to 
some critical *'high" concentration of compound. Why cu- 
mulative lower doses of a stable compound are Icss.cfifectiVe 
is uncertain, but examination of this phenomciion inay pro- 
vide valuable information on oligomer uptake miechahisms, 
intracellular trafficking, and interactions with target mRNA. 

Effect of A/ytf//Antlsense [S]ODN on Mdanom' tiunor 
Growth in V/vo. We examined the effect of the AfW antisense 




too - 200 300 
ToUlD«t(ugM) 

Fio, 2. Efifects fc hccntrati riand firqucncyofODN 
onmelan ma cell growth. (A)' Efifcct f a total ODN dose of 100 
/Ig/ml n SK-MEU37 cell growth.^ Cells were exposed to AtYS 
antisense ODNs f r five consecutive days (20 fqe/ml per day), two 
consecutive days (50 /<g/ml per day), or once (100 M«/ml). Cell 
growth was quantitated by MTT assay (Am or A«oa) 10 days after the 
start f culture. {B) A similar experiment carried out with (S]ODNs 
n Hs294T ceUs. T tal (S]ODN dose to which the cells were exposed 
is shown n the abscissa. The total dose was delivered either as a 
singled se( ) r in equal divided daily d ses given ver2days(A) 
or5days(a). 
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DNA on hunian melanonw teU growth' in a SCID mouse 
model. In the first of three experiments to assess this ques- 
Uon, 41 mice were inoculated with Hs294TceUs. When tumor 
nodules bec^e palpable, animals were randomly assigned to 
receive no treatment (13 animals) or 7-day infusions (500 
^/<**y' 2? A«/g of body weight) of sense (14 animals) 
or.ana$en§e (14>imals) tSJODliI. Animals were examined 
daily for 40 days to determine the* effects of the [S]ODN on 
survival and tumor growth. The antisense (SJODN treatment 
sjignificanUyinhibited. local tumor growth in comparison to 
the un^atedand sense (SJODN-treated groups. In fact , iintU 
«day,3^jcalculated tumor weights in the antisense group 
were «50% lower than the other groups. After this. time, 
growth in the anasensis-treated group recovered and essen- 
tjally::paralleled that seen in the untreated and sense-treated 
animals. Nevertheless, whenthe mice were sacrificed on day 
40, tumors removed from the antisense-treated animals were 
significantly sraaller(/» < 0.05), 2.5 ± 0.5 g (mean ± SD), than 
those from the untreatied and sense-tt«ated groups, 3.5 * 1 7 
g and 3.3 ± 1.2 g, respectively. . 

examined the growth-inhibitory effects of the 
A/ra antisense fSJODN against a subclinical tumor bunien 
i'J'^^T subcutaneously inoculated 
with ? X 10* Hs294T:tumor ceUs. Three days later animals 
were randomized toireceive no treatment (9 mice) or a 7-day 

of sense (8 mice) or anri 
™'i*'^lfJ.90N. Tumor growth was evaluated bver a 65-day 
penod (Fig. 3A). WhUe no untreated mice wen; lost during 
this penod, 3 sense- and 4 antisense-treated mice died of 
unccrtam c«ises. In the remaining animals, inhibition of 
tumor growth in Ae wtisense-treated group w'as again noted 
throughout the obsemtion period and appeared to be greater 
Uian that observed in the first experiment. WKen Uie mice 
were sacrificed at 60 days after Uie pumps were implanted, 
mean tiunor weights of untreated, senses and antisense 
groups were 4.5 ± 1.7 g, 4.0 ± 1.5 g, and 2.1 ±1.2 g. 
respecuvely. The differences between these groups were 
stiiUsticaUy significant (/> < 0.05). Fig. 4 illustrates typical 
tumors observed in these mice'. 
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0 10 203040 50 6070 80 90 
O^rltaFtanimpIniifantatiai 

tmSl,°r\Lu^^c°rm ™ ^^^^^ " human melan ma 

tumor growth m SCID mice. Doses were 500 ^day f r 7 days 
initiated 3 days after melanoma ceil inoculation (4) r 500 lig/day for 
14 days j^mmistercd 3, days after inoculati n and then agiS 16 day, 
^Jcfirst mf^si n coded. o, Antisense-tieated; l, sSse-treat^; 
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. f'°:*- ^??P'*»«n»*»'*ephotomiCTbpaphs of melanomas //(«//« 
animals which received A/KB ODN infusions (500 «/dayfor 7 dayS 
begmmng 3 days after tumor ceU inociiiation; InfliriS, p^^^^^^^ 
seen m the sense- and antisense-treated mice. 

We lastly examined die ieffect of a repeat infusion on nun r 
powth. Mice (10 per group) were again inoculated widi 2 x 
VP tumor ceUs. Three days later tiiey were lahdomized to 
?S^'iXt,')?Jl^*^*^* M inftisipn of sense or antisense 
\^^?}^S^ f^/i^y for Wdays). Sixteen days after ti»e first 
"jK^sipnj ended, a re^ 

durauon was begun. In tiiis experiment, 3 control animals ' 
died tumor-related deaths during the observation period. In 
the antisense-treated aninuds . tumor growth inhibition was 

inore dramatize than in the preyious experiments and persisted 
throughout die observation period (Fig. 3B). When animals 
were sacrificed M days after , die first pump was implanted 
tumor weights of control (/i = 7), sense (n - 9). and 
if^fi '2^.y^m-^'0-*:2i0t, 1.7 ± Ug,and 
0.7 4 0.3 g. The difference, in tumor weighte between die 
V"^"*** and antisense,treated groups was highly significant 
{F < 0.01), as wiM the difference between the sense-treated 
and anusensc-treated grpiips (P < 0.05). Though it appeared 
that tumor sizes differed, between die untreated and sensed 
treated groups, , the differences were not of statistical sisnif- • 
icance ■(/;>. 0.05). , ; ■ ;• ■ ■ r ■ 

InconaBsttotheexperimeVtscWiedoutwithalowertotal 
dose of .[S]ODN, none . of . die . animals in the high dose, 
repeat-infiision sense- or antisense-tivated groups died be- 
fore the experiment was terminated. These resulte suggest 
Uiat [SJODN.toxicity was n t a cause f animal deadis;- 
[SjppN Uptake fa Tto r Tissue and Correlation of Grewdi 
^"^^ To determine die extent 
. a2 "P^* an<l '0 correlate effects 

on wra expression wridi tum r growdi, five mice widi 

fcinnw ^"PJ ^ antisense 

(SJODN (500 /ig/day) for 7 days. On days 7, 9, and 11 after 
the infusion was begun, an animal was sacrificed and its 
tumor wasexcised to determine AfKB mRNA levels in die 
ussue. Mrs mRNA.was measurably decreased (as normal-' 
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nto mice with estabUshed/tuLrsS oTbn^ Js 7 9 S S 

ized to ^^M«ln4RNl^^bS not completely eliminated, in 

^J^y.^l^^^^'^^P^^ ^'*"'^'^y^ after the infusion 
fuushed butreturaed toward baseline thereafter. " 
t„?^iSf^°" °^ Wra expression miy have beeh related 
to [SJODN concenttation m tissue faUing below a critical 
S' " -"T" of <W» hypothesis. [SJODN leVels ih the 
tiimor tissue decreased rapidly from an estimated 500 hg (per 
50 Aig of extracted DNA) during the iniu^^^ 

fimsM (Bg. 6). Nevertheles»,whUe ^ 

wdl be, selectively suppressed by the antisehsi DNA, the 

WJB mRNA and murine Myb mRNA. Since murine blood- 

ii^iltiitd the tumor. somSS^ 
he A(KB njRNA detected coiUd=be,dohtributi:d' frii t»S 

T xidty of Murine WW Antfaense Ollgoihen 1^ Mice. Mice 
reviving humaa wra ODN behaved L ted Sylj; 

issueStVhl".'^*^*"' h»«»P"hplogic examinauin of' 
tissue fixed at the time of sacrifice revealed no organ damage 

lum JI°'„f aboverhowelSv a^ 
nmber, of animals died of iinexplairied causes airing the 
mfusipn -studies.rSuch deaths occurred approSely 
S^nnM*"" treatment group and w^re thereESted 
?n«^i2?ii H *"fK" •* FurtJier, Since there Were no . 

unexplained deaths m tiie animals that receivtd.the highest 
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Table 1. 

JSIODN 
Sense : 

Antisense 



Toxicity of murine;A/ra.anUscnse [SlODt^s for BALB/c mice 
'Leukbcytes,'' 



24mer • 



fio. 6. Detection of MYB antisense; ODN in tumor tisiue Mir. 
wth estabUshed tumors were infused.With MnSr^A 
Mg/day for 7 ^ys). The tumors were excised oil S Twd 8 iS2 
start of, he infijsidn. Tumor DNA was ext^acted^l«iK^k«l.!?' 

i SS^nTh r^'SU"-"^"''* PfpWns the blotted mL^alS 
a Mp^nd-labeled Wra sense oligomer. Relative band Sty was 
then compared wiUi known DNA standards of 50O1OO «nH in !f 
(shown in the three lanes at right). ' "« 

^^aIm^'" '^'^^ infusions), it appears that while 
SIODN toxicity cannot be ruled out as a ?au« S deaTS 
these cases, this explanation seems uiUikely ' 
, Tomodel potential toxicity in ahuman host, mice were also 
lljfused vvitii murine MYB sense and antisens; sequSs' u^ 
to 1 mg/day for 14 days; No clinicaUy significant untowii! 
effects.were observed in tiiese mice (TableT S a»^e 
behave,! normally and Uie|r body weights did no c2^e Of 
ft^restj^however. mice did manifest throinbSpenia 
which appeared to be neithersequence nor dosWrS T?e 
level of thipmbocytopenia was mUd to ihoderate^JSiSS 
"^detectable bleeding abnormality; Ahinials i^ceivSr the 
highw dose of antisenserDNA also inanifeste^^^^ 

.^rmphoid^dinyeloidhyperplasiaw^ 
ocytes, \ye therefore posit that the' spleen, an important 
SrT"!?' .the mouse,; may have been dbmpS- 

Snl^CSJODN^^'"^* suppressive effects of the MYB 

' ' iMsciissioN';' ' 

Though the MYB gene has been postulated to play a role in 
the paUiogenesis of malignant melanoma; daSJiSrtinI 
Jus hypothesis have been scant and largely inferential ai- 
14 . Using antisense DNA, we now provide somedhict 
evidence that MYB gene expression is imJorS for^e 

SSr vv^Tv mTbT""";"' human!mSS,m c^; 

So Jrf «!3^ depnva ipn causes cytolysis in some ceUs 
differentiation in others (SK-MEL- 
J2«i«n ;„'^'!2 T"^"" '2 P^'^'Wed growth sup. 
^I Tuvl «">»ths) associated witi. the transient suppreV^ 
sion of A/ra. In the first in vivo experiment diis might have 
been more apparent than real, since after an initial deUy 
ffowth of die tumor mass in antisense-treated animals aj 
peared to parallel that seen in the conttx)l groups!Howevw 

thuxl (Fig. 4« ,n VIVO experiments, where tumor aowtii was 
considerably suppressed. Here one could pos^Sate IhS 



Dose, 
^/day 

100 
300 
1000 
100 
300 
1000 



no/x 10-3 per miri^ 



3.2 
3.4 
2.7 
2.6 
2.1 
2,7 



■ Day 14 

7:7 
6;7 
3.5 
4.5 
5.1 
3.3 



Hematocrit. % 



Day 21 

3:2''^ 

2.9 

•'•3:6' 

2.6 
2.7 
48 



Diy 0 

IT 

52 
.5i 
53 
52 
52 



Day 14 

52 
51 
49 
47 



Platelets, 
n X 10-3 per mm^ 



Day 2 1 

52 
51 
51 
48 
48 
49 



Day 0 

554 
642 
491 
740 
595 
503 



Day 14 

635 
619 
421 
412 
397 
230 



Day 2 1 

215 
218 
346 
188 
183 
279 



Spleen 
weight, mg 

Day 21 

140 
123 
111 
165 

m 

273- 



Spleens were weighed immediately after death. determined by centnftagau n f heparinized blood on days 0, 14, and 21 
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deprivation of MYB led to a persistent, though apparenUy 
nonlethal, growth-deprived state. Alternatively, MYB depri- 
^ vauon may have led to cell deatii in a sensitive subset of ccUs 
and to cytostasis in anotiier which eventually recovered. 
Therefore, the; protein probably exerts different functions 
within and between ceUs of a given type, and these functions 
most likely depend on the state of differentiation and cell 
cycle status. Unmasking these functions through inhibition 
studies of this type may provide useful clues to the function 
of MYB in nonhematopoietic cells and to the identity of 
potential protein partners in these effects. 

That we obtained growth inhibition by targeting a gene 
expressed at such low levels may be viewed as surprising. 
However, recent reports suggest that low-level gene expres- 
sion can have significant biological import (26. 27). For 
exampr;5, Burk et ai (27) reported that MYB protein coop- 
eratively interacted with C/EBP transcription factor pro- 
teins, but only when MYB was expressed at a low level. 
High-level MYB expression abrogated this synergy. Accord- 
ingly, It is reasonable to hypoUicsize from all tiiese studies 
that low-level MYB expression is of biological significance in 
melanoma cells. 

The experiments reported herein serve as a paradigm of 
ODN-based therapeutics for human malignancies. Neverthe- 
less, while it is clear that MYB is an effective target in human 
melanoma, it is not necessarily the best target for this 
strategy. It is equally straightforward that further develop- 
ment of the antisensc strategy will be needed before the 
successful appUcation of this technique in the clinic can be 
anticipated. Knowledge concerning DNA uptake mccha- 
msms, intracellular ODN trafficking, mRNA disruption 
mechanisms, and, of equal importance, how apparent resis- 
tance develops will all contribute significantiy to the effective 
pharmaceutical use of these compounds. Accordingly, while 
this area remains in its scientific infancy, these in vivo studies 
and those of our colleagues (28-30) convince us that modu- 
lation of gene expression with antisense DNA is a therapeutic 
strategy worth pursuing. 
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